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Abstract 
This thesis contains experimental investigations of the methane steam reforming reaction on noble 
metal catalysts. These investigations are of great importance in connection with the conversion of 
natural gas to synthesis gas for the end production of liquid fuels such as diesel or methanol. Classic 
steam reforming catalysts are nickel based catalyst, but for certain low steam operating conditions, 
nickel catalyst are not suitable as it will form carbon that can deactivate the catalyst. Noble metals 
such as Ru, Rh, Ir, Pt and Pd are candidates for replacing nickel as they do not form carbon under 
similar conditions. 
Characterization work by chemisorption and transmission electron microscopy (TEM) have been 
conducted on these catalysts. Sulphur chemisorption is found to be a tool for characterization of the 
metal surface area on the catalyst. TEM investigations of ruthenium based catalysts have shown that 
small metal particles (2-4 nm) form surface oxide and for proper TEM characterization, 
environmental TEM investigations in H2 at elevated temperatures proves to be necessary. The steam 
reforming catalysts deactivates at an intermediate temperature range, which complicates measuring 
consistent rates. A long term treatment is implemented for reactivate the catalysts to eliminate the 
implications of this phenomenon. 
Studies on the activity have shown that the order in turn-over frequency rates for the metals is 
Ru~Rh>Ni~Ir~Pt~Pd, which is supported by theoretical calculations. Investigations into improving 
long-term stability in the activity has shown that it might be possible to promote an active metal 
with a high surface energy promoter element. This have been investigated for a series of Ru, Rh, Ir 
and Pt catalysts with promoter atoms such as Mo, Re and W. There are theoretical and experimental 
indications of more sintering stable catalysts, but no conclusive results have been obtained. 
Kinetic modelling and experimental studies have shown that the key elementary step for the 
reaction is the methane dissociative adsorption, but also that the activity is lowered by product 
inhibition of CO and H on the Ru, Rh and Ir catalysts. Kinetic models have been developed at 
atmospheric pressure for Ru and Rh describing this product inhibition. 
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Resumé 
Denne afhandling omhandler methane steam reforming reaktionen på ædelmetal katalysatorer. 
Denne reaktion er vigtig i forbindelse med omdannelse af naturgas til flydende brændstoffer som 
diesel og træsprit. Traditionelt bruges der nikkel katalysatorer, men for specifikke eksperimentelle 
betingelser med et lavt dampindhold vil nikkel danne kul, som kan deaktivere katalysatoren. Ru, 
Rh, Ir, Pt og Pd er mulige ædelmetaller som kan erstatte en nikkel katalysator, da de ikke vil danne 
kul under lignende betingelser. 
Adsorption målinger og transmission electron microscopy (TEM) undersøgelser har været brugt til 
karakterisering af ædelmetalkatalysatorerne. Det er blevet vist at svovladsorption er en brugbar 
teknik til at bestemme det aktive metal overflade areal på katalysatoren. TEM undersøgelser af små 
metalpartikler (2-4 nm) har vist at der dannes et overfladeoxidlag og undersøgelser er nødvendige at 
lave in situ i brint og ved højere temperaturer. Steam reforming katalysatorerne kan deaktivere i et 
temperaturområde omkring 550-650°C, som derved komplicerede det at opnå konsistente resultater. 
Der er implementeret en behandling ved høj temperatur og i reaktantgas for at formindske dette 
fænomen. 
Aktivitetsstudier har vist at aktiviteten pr. overfladeatom for disse ædelmetaller er givet ved 
følgende rækkefølge Ru~Rh>Ni~Ir~Pt~Pd. Langtidsstabiliteten af katalysatoraktiviteten er 
forbedret ved at tilsætte et grundstof med høj overfladeenergi til et aktivt katalysatormetal, og 
derved kunne sænke sintringshastigheden. Dette er undersøgt for Ru, Rh, Ir og Pt som det aktive 
metal og med bl.a. Mo, Re og W som et promoteratom. Både teoretiske og eksperimentelle 
indikationer viser at der er mere sintringsstabilitet, men der er dog ikke opnået endelige beviser for 
fuldt ud at understøtte dette. 
Kinetik modellering og eksperimentelle studier har vist at metan spaltning er den vigtigste 
elementærreaktion for methane steam reforming reaktionen. Produkt inhibition af CO og H sænker 
aktiviteten for både Ru, Rh og Ir. Kinetik modeller er udviklet ved atmosfærisk tryk for både Ru og 
Rh. 
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1. Introduction 
Synthesis gas (syngas) is a key intermediate in the chemical industry compromised by a mixture of 
hydrogen, carbon monoxide and carbon dioxide. Steam reforming of hydrocarbons is the primary 
way of producing hydrogen and carbon monoxide on an industrial scale. Synthesis gas is used in a 
series of industrial applications for highly selective synthesis of chemicals and fuels, whereas pure 
hydrogen is used in the production of ammonia and in refineries for hydro treating and hydro 
cracking. 
The hydrocarbon source can vary from natural gas to heavier oil products. The possible chemistry is 
reduced to a C1 chemistry by the steam reforming reaction, hence obviously destroying functional 
groups, but providing great flexibility for producing chemical products. Fig. 1 shows the 
possibilities of the synthesis gas cycle. Gasification of coal is a way to produce synthesis gas 
directly from a solid based hydrocarbon [1], although steam reforming and water gas shift (WGS) is 
often needed to obtain the desired synthesis gas mixture. Steam reforming and auto thermal 
reforming (ATR) are the preferred ways of producing synthesis gas from light hydrocarbon sources 
on an industrial scale due to economical advantages [2]. 
 
 
Figure 1. The synthesis gas cycle; from hydrocarbon through synthesis gas and back to a hydrocarbon [2]. 
 
From synthesis gas it is possible to form long chain hydrocarbons by the Fischer-Tropsch reaction 
[3], thereby providing a heavy hydrocarbon product stream ideal for diesel production. From the 
synthesis gas, it is also possible to form methanol [4], gasoline [5] or substituted natural gas (SNG) 
[6]. Direct routes from lower hydrocarbons such as natural gas to liquid fuels such as methanol or 
gasoline are very interesting, because the natural gas often is available in remote areas. This gas is 
present at locations without any connection to a natural gas distribution grid. Hence, forming liquid 
energy products, the transportation and distribution of the energy becomes economically feasible. A 
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competitive alternative for transporting natural gas is liquefied natural gas (LNG), which essentially 
cools the gas for naval transportation. 
The natural gas is largely constituted by methane, and due to the high C-H bond energy of 439 
kJ/mol for methane, it is difficult to directly form products with lower C-H bond energy directly 
without complete oxidation. Thus the synthesis gas production is an efficient intermediate utilising 
low value hydrocarbon carbon sources for upgrading to higher value hydrocarbon products. The 
steam reforming reaction is the reaction between a hydrocarbon and steam, here described by 
reaction of methane and steam 
 
( ) ( ) ( ) ( )4 2 23CH g H O g CO g H g+ +⇌   298 206H kJ mol−∆ = −  (1) 
 
The minor amounts of higher hydrocarbons in a natural gas feed are often processed in a pre-
reformer at low temperature (400-500°C). The reactivity of these higher hydrocarbons is much 
higher than methane, due to lower C-C bond energies compared to C-H bond energies. The focus of 
this thesis is the conversion of methane to synthesis gas by steam reforming at conditions relevant 
for conversion of natural gas to liquid fuels. The water gas shift reaction runs in parallel with the 
steam reforming reaction 
 
( ) ( ) ( ) ( )2 2 2CO g H O g CO g H g+ +⇌    298 41H kJ mol−∆ =  (2) 
 
The water gas shift reactivity is generally considered faster than the steam reforming reaction, an 
aspect that will be reviewed later. Thus, the synthesis gas of H2, CO and CO2  is produced by steam 
reforming and water gas shift. These two reactions serve as the basis for the subsequent discussion 
on methane steam reforming. In order to obtain sufficiently high reaction rates the steam reforming 
reaction has to be catalysed. Traditionally, the preferred metal for the steam reforming reaction has 
been a nickel based catalyst. This is due to the high activity and low cost for nickel. Alternatively, 
oxygen can be the oxidising agent and the reaction can proceed by the ATR reaction, at under-
stoichiometric reaction conditions 
 
( ) ( ) ( ) ( )4 2 21 22CH g O g CO g H O g+ +⇌   298 520H kJ mol−∆ =

 (3) 
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Here the hydrocarbon is basically lean burned followed by a catalyst bed to equilibrate the gas 
stream by steam reforming and the water gas shift reaction.  
 
1.1. Technology 
There are several other possible ways for converting light hydrocarbons to synthesis gas. Catalytic 
partial oxidation (CPO) is another technique widely used [7] where the reaction between methane 
and oxygen is catalysed. Since the reaction takes place on a catalyst, there is no burning flame such 
as in ATR, hence obtaining a much lower reaction temperature in the catalyst bed. There are several 
medium scale industrial applications based on the use of CPO. The CPO technology provides an 
advantage with respect to the experimental equipment used, and furthermore it is a very versatile 
technology and can be used for many types of hydrocarbon fuels. However, due to the oxygen cost 
combined with expensive noble metal catalysts, it becomes expensive upon up-scaling. 
Autothermal reformer technology (ATR) is a burner technology, where oxygen or air is mixed with 
a hydrocarbon feed through a nozzle making a flame. Below the flame a nickel based catalyst bed to 
adiabatically equilibrate the gas afterwards. This produces a mixture of CO, CO2, CH4, H2O and H2. 
The entry temperature to the catalyst bed is in the order of 1200-1300°C, providing the heat for the 
adiabatic reaction. The gas is equilibrated at the outlet at 900-1100°C and pressures up to 100 bar. 
Due to the high reactor temperatures, the process will run at low steam to carbon ratios (S/C) as low 
as 0.6 with no soot formation. It is not possible to run at lower S/C ratios due to whisker carbon 
formation. The steam to carbon ratio is a good measurement of the inlet conditions for the mixture 
of steam and carbon. It often covers the oxygen to carbon ratio as well, so it becomes slightly 
artificial when the oxidant is oxygen rather than steam. The steam to carbon ratio also gives simple 
information on the severity of the experiment for unwanted carbon formation. 
The classical tubular reformer type for the steam reforming reaction is a multi tube reactor design 
with hundreds of 10-15 m long tubes aligned with side fired heaters. The tubes are 10-15 cm in 
diameter and filled with nickel catalyst pellets. Typically, the gas mixture consists of pre-reformed 
natural gas and steam that enters the reactor at 450-650°C and will exit at 800-950°C. The high exit 
temperature is necessary to obtain a high conversion. The mixed gas at the inlet is processed 
through a desulphurization unit and a prereforming unit to remove sulphur and higher 
hydrocarbons. If not removed, the higher hydrocarbons would crack at the inlet of the tubular 
reformer.  
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For gas to liquid (GTL) systems it has been shown to be advantageous using a two step solution of 
tubular reformer tube combined with ATR [8]. The high temperature ATR exist gas is heat 
exchanged with the inlet tubular reformer gas, increasing the overall energy efficiency. By 
combining these two reactors it is possible to obtain a solution close to the optimal for Fischer-
Tropsch downstream process [8]. Energy optimization of this process proves that it is an advantage 
to run steam reformer operations in the low steam to carbon (S/C) ratio regime [8]. 
The combination of these two reactor setups gives new challenges to the steam reforming system. 
For the reaction to be economically feasible it is necessary to run the operation at conditions where 
the nickel catalyst cannot operate. At low S/C ratios the nickel catalyst will start forming carbon, 
due to the favourable thermodynamics for graphite formation [8]. Eventually this will destroy the 
catalyst and regeneration is not possible. To expand the limits downwards for the S/C ratio in 
methane steam reforming, it has been shown that noble metal catalysts can operate without carbon 
formation both at low S/C ratios and at conditions, where nickel is normally used [9]. Even though 
there is a thermodynamically driving force for graphite formation, the growth sites will form 
whisker carbon instead, which has a higher energy barrier. Thus, the whisker carbon formation 
therefore has an even higher energy barrier on noble metals compared to nickel. This emphasize the 
importance of understanding noble metal catalysts for the methane steam reforming. The scope of 
this two step synthesis gas application is rather limited at present, but with dwindling oil resources 
and relatively cheap sources of natural gas, this technology is likely to blossom in the future. 
The steam reforming and the water gas shift reaction are governing the overall process. 
Thermodynamically, steam reforming should be conducted at low pressure, high temperatures and a 
high S/C ratio to ensure high methane conversion. The low pressure is due to more products 
forming than reactants in the steam reforming reaction (Eq. 1) and the endothermic steam reforming 
reaction is favoured by high temperature. The listed conditions are not all feasible for industrial 
applications where it is necessary to focus on a high output. The high temperature is obtainable to 
some extend and it is usually possible to reach outlet temperatures of 800-1000°C. Even though it is 
thermodynamically favourable to run at low pressures, it turns out economically unfavourable. The 
plant size would have to be huge and therefore pressures are set at 20-40 bar to ensure a high 
throughput. Furthermore, it can be necessary to have a low S/C ratio for the desired synthesis gas 
composition as described previously.   
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Figure 2. Thermodynamics for methane and steam reforming mixtures at S/C~1 or 3 and 1 or 30 bar total pressure as a 
function of temperature incl. equilibrium of the WGS reaction. 
 
Fig. 2 shows equilibrium methane conversions for the steam reforming system. Traditionally, many 
hydrogen producing plants are running at S/C ratios of 2.5-4, a 20-30 bar total pressure, and an exit 
temperature of approximately 950°C. This yields near 100% conversion thermodynamically as seen 
by Fig. 2. The GTL application is running at S/C>1, a 20-40 bar total pressure and exit temperatures 
of 700-800°C, which yields completely different equilibrium conversions as also seen on Fig. 2. In 
the plant the tubular reformer is combined with ATR for higher methane conversion.  
In the experiments conducted for this work, the main focus will be on low pressure experiment in 
order to understand the reaction at this level. It is then possible to perform the experiment further 
from equilibrium conversion by running at low S/C ratios. Low pressure experiments also simplify 
the testing facility for the reaction. 
 
1.2. Catalysis 
The reaction has been explained from a phenomenological perspective, but it is essential to use a 
catalyst for the reaction to proceed. In this section will follow a more general overview of catalysis 
with focus on steam reforming catalysts. A traditional heterogeneous catalyst consists of a metal 
oxide-supported material. Such an oxide could be Al2O3, ZrO2, CaO(Al2O3)n, MgAl2O4 or MgO. 
All these supports are used for steam reforming catalysts. Such a support should in general be inert, 
have high mechanical strength, high surface area and an efficient pore system. An efficient pore 
system allows gas to diffuse in and out of the pellet with only limited hindrance and has a minimal 
amount of encapsulated active catalytic material. The support is impregnated with an active material 
such as another oxide, metal or metal alloy. For steam reforming Ni, Pt, Pd, Ru, Rh and Ir are some 
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of the most active metals for the reaction. The chemical reaction occurs on the surface of this active 
material. The effect of the catalytic material is to lower the reaction barrier for the overall reaction, 
hence the catalytic material is not used in the process, but merely enables the reaction to proceed at 
lower energetically conditions often consistent with a lower temperature.  
Overall kinetics is used as a mean to describe the reactions at a microscopic level on a macroscopic 
level. The kinetics describes how temperature, concentrations and pressures have influence on the 
macroscopic level, and the main focus of the kinetic description in this section will pertain to the 
methane steam reforming reaction 
  
( ) ( ) ( ) ( )4 2 23kkCH g H O g CO g H g
+
−
+ +⇀↽     (4) 
 
A methane and a water molecule reacts and forms a CO molecule and three hydrogen molecules. 
This is an overall interpretation of the steam reforming reaction. It occurs in a single reaction step, 
where the rate of the overall reaction can be given by 
 
[ ]4CH
r
t
∂
= −
∂
      (5) 
 
Where r is the rate and t is time. To describe the reaction rate to a first approximation, it is possible 
to use a parameterization of the rate in terms of a power law rate expression given by Eq. 6. 
 
4 2 2
4 2 2
CH H O HCO
CH H O CO Hr k P P P P
α α αα
= ⋅ ⋅ ⋅ ⋅      (6) 
 
It is possible to derive the reaction order, αi, for each component thus observing that the reaction 
order can constitute any number. The individual order is derived in a log-log plot of the rate versus 
the partial pressure of the given component 
 
( )
ln
lni i
r
P
α +
∂
=
∂
      (7) 
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This simplified method will be used to describe and provide understanding for each individual 
component in the overall kinetics. The simple overall kinetic model can be expanded to give a more 
detailed description of the steam reforming reaction. A reaction scheme of the methane steam 
reforming is given by the following 9 elementary steps, ER1-ER9. The methane steam reforming 
reaction is a combination of a series of elementary steps, each constituting a micro-kinetic model. It 
is possible to have a larger scheme including more branching elementary reaction steps, but based 
on previous studies it is estimated that it does not add extra understanding to the reaction 
mechanism.  
 
( ) 1
1
* * *
4 32
k
k
CH g CH H
+
−
+ +⇀↽     (ER1) 
( ) 2
2
* * *
2 2
k
k
H O g OH H
+
−
+ +⇀↽     (ER2) 
3
3
* * * *k
k
OH O H
+
−
+ +⇀↽      (ER3) 
4
4
* * * *
3 2
k
k
CH CH H
+
−
+ +⇀↽             (ER4) 
5
5
* * * *
2
k
k
CH CH H
+
−
+ +⇀↽                 (ER5) 
6
6
* * * *k
k
CH C H
+
−
+ +⇀↽          (ER6) 
7
7
* * * *k
k
C O CO
+
−
+ +⇀↽                         (ER7) 
( )8
8
* *
2
1
2
k
k
H H g
+
−
+⇀↽                           (ER8) 
( )9
9
* *k
k
CO CO g
+
−
+⇀↽                    (ER9) 
 
This set of elementary reactions describes a possible route for the formation of CO and H2. A 
surface site is denominated as * in the model (ER1-ER9), i.e. representing an active site on the 
catalyst. It is generally assumed to comprise all the surface sites when calculating an absolute 
turnover frequency (TOF). This assumption is not completely valid, as the surface will have 
different sites, with varying coordination numbers. Generally sites can be divided in three classes; 
terrace, step and kink sites. For the modelling it will be assumed that all sites are similar and for 
TOF calculations including all surface sites. 
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In the first step (ER1) methane is dissociatively adsorbing to the metal surface. This dissociative 
adsorption has been investigated on different metals, such as Ni [10,11] and other noble metals [12]. 
This elementary step plays a crucial role in the overall steam reforming reaction, and it is often 
being interpreted as the rate determining step for methane steam reforming on the various metals 
[13,14,15,16,17,18]. The reactivity of the methane dissociative adsorption on steps have been 
proven for Ni [10,19] to be significantly higher than at terrace sites. The second elementary step 
(ER2) is steam dissociative adsorption to two free sites. This step is significantly faster than the first 
step, due to easier dissociation of a water molecule compared to methane. The following steps 
(ER3-6) are the dehydrogenation steps of CHx, where the last step of hydrogen removal (ER6) is 
likely to be dependent on the surface coverage of various adsorbents. The energy levels for CH → 
C + H are comparable to alternative sets of reaction steps such as 
 
* * * *CH OH CHOH+ → +      (ER10) 
* * * *CHOH CHO H+ → +      (ER11) 
* * * *CHO CO H+ → +      (ER12) 
  
or 
 
* * * *CH O CHO+ → +      (ER13) 
* * * *CHO CO H+ → +      (ER14) 
 
These reactions have been calculated by DFT calculations on Ni(111) where both alternative 
pathways are found to be possible [20,21]. No direct experimental evidence have been found 
experimentally for the presence of a CHO* or COH* molecule under reaction conditions. Similarly 
for the reverse reaction of methanation, pathways through CHO* or COH* have been proposed [22]. 
Thus it is likely that these pathways do exists and that they may be competing at some level. In this 
investigation the main focus will remain on the initial 9 elementary steps. For the remaining steps 
(ER7-9), both CO and hydrogen desorb as well as a reaction cycle have been completed on the 
catalyst. More elaborate implications of this kinetic model will be given in section 5.2. 
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1.3. Surface reactivity 
In catalysis, the interaction between an adsorbate and a surface is crucial for the catalytic behaviour 
of the reaction. The weakest form of adsorption, physisorption, have little relevance for catalysis 
directly, however it can be very useful as a characterization tool it can be very useful, e.g. gas 
adsorption on solids for surface area determination.  
 
Figure 3. Potential energy diagram with a molecule X2 physisorption by van der Waals forces, followed by associative 
chemisorption and finally dissociative chemisorption [23]. 
  
In Fig. 3 it is shown that after physisorption chemisorption is the next step, whether it being 
associative or dissociative. The chemical bond between an adsorbate and a metallic surface can be 
qualitative described. The solid surface of metals has extended outer s or p orbitals, which provide a 
continuum band, whereas the d orbitals have minor overlap, hence the interaction is weaker and the 
d band is narrower. The d band is the compilation of molecular orbitals and is almost empty at the 
left of the periodic system, e.g. Ca, while more noble metals, e.g. Cu, have an almost completely 
filled d band. The combination of orbitals on a solid surface can be combined as energy levels in 
density of states (DOS), where the electrons are filled up to the Fermi level.  
The interactions between a molecule and metal surface can be described by the Newns-Anderson 
model. If the anti-bonding orbitals of a molecule are filled due to the interaction, the molecule 
internal bonds might be so weak that it will dissociate. This is essential for understanding the 
molecule-surface interaction. Overall, the bond strength between the metal d band and the adsorbate 
can be determined as a function of 
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• The degree of filling of the d band 
o A higher degree of filling gives a more noble metal and less bond strength to 
adsorbates 
• The energy difference between the centre of the d band and the original election level of the 
adsorbate 
o The centre of the d band decreases to the right of the periodic system, lowering the 
bond strength 
• Interaction between the electron wave function of the adsorbate and the metal d state wave 
function 
o Large interaction enhance predominant trend from the previous two points 
 
This notion of d band model can be exemplified by the ammonia synthesis reaction from N2 and H2. 
This is illustrated in Fig. 4, where it is seen that Ru is the most active catalyst. A volcano type plot 
of the activity as a function of the d band occupancy is obtained. 
 
 
Figure 4. Catalytic activity of various supported metals for the production of ammonia [23]. 
 
The interaction between the surface and the adsorbates has an optimum depending on the factors 
described above. To the left of Ru the reactants and products adsorbs too strongly with the surface 
due to the lower degree of d band filling. This effectively blocks the surface of the catalyst lowering 
the activity. To the right of Ru, the reactants does not interact strongly enough with the surface due 
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to the high degree of d band filling. The surface is effectively clean due to the low adsorbance of 
reactants. Hence, an optimal catalyst exists for each reaction depending on the interplay between the 
gas phase and the solid catalyst. This generalisation will also be used for understanding the steam 
reforming catalyst relative activity. 
 
1.3.1. Theoretical catalysis 
The catalysis field has developed tremendously over the previous centuries with a big amount of 
empirical data. The ammonia synthesis catalyst required some 2500 catalytic material samples to be 
tested before an optimal catalyst was obtained [23]. In an effort to reduce the number of 
experiments, computer modelling of catalytic reactions have proven to be able to explain catalytic 
phenomena [12,22,24,25]. Density functional theory (DFT) is one of the main methods for studying 
catalysis by theoretical calculations and is based on the importance of active sites for catalysis and 
use of models of 20-100 atoms. As for many other reactions, methane steam reforming is largely 
thought to be independent on direct support effects [14,12]. This gives a good opportunity to 
calculate the physical properties of the steam reforming reaction. When modelling a reaction, the 
specific site chosen for the calculation is essential. For methane steam reforming on nickel, it has 
been found that the turnover frequency is two orders of magnitude higher on steps than on terrace 
sites [10]. This was shown both experimentally and by DFT calculations. This shows the 
importance in distinguishing between different sites, whether it being terrace or step sites. 
It has been found that there is a linear relationship between the activation energy of dissociation, Ea, 
and the adsorption energy of dissociated atoms [26]. Such linear relationships are called Brønsted-
Evans-Polanyi (BEP) relations. The activation energy for methane on steps is plotted against the 
adsorption energy of carbon, ∆EC, in Fig. 5. The relationship depends on the surface structure and 
the values used for this plot have been obtained by DFT calculations.  
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Figure 5. Calculated transition state energies (Ea) of methane on steps as a function of C adsorption energies (∆EC) [12]. 
 
To simplify the equation obtained above with adsorption energies of CH3 and H, linear scaling 
relationships between adsorption energies can be used. For hydrogen containing species, it is 
possible to show that there exists a linear relationship between the adsorption energy of C and CHx. 
This is irrespectively of the metal, although dependent on the surface structure. 
 
 
Figure 6. Adsorption energies of CHX intermediates plotted against adsorption energies of C. The data represent closed-
packed (black) and stepped (red) surfaces [27]. 
 
In Fig. 6 such a dependency is shown for C and the hydrogenated species CH, CH2 and CH3. The 
linear relationship is called scaling relation and the slope depends on the valency of the adsorbate. 
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This correlates back to the d band model inferring that the coupling to the d states scale with the 
valency of the adsorbate [27]. Further relationships are necessary for the steam reforming reaction 
and it can be shown that the adsorption energy of CO relates to C and O and the adsorption energy 
of H to C [12]. The activation barrier for methane dissociation can now be given as a linear function 
of the C adsorption energy on a metal based on linear scaling relationships and BEP relations. This 
has been applied theoretically determine to the steam reforming activity as given in section 5.2.1. 
 
1.4. Summary 
The methane steam reforming reaction can be viewed at different levels. From a full scale industrial 
GTL plant to a theoretical calculation of a CHx specie adsorption energy. Both aspects are equally 
important when understanding the steam reforming process. This work will attempt to include 
syntheses of catalysts that could be used for industrial applications, to test the catalysts in setups 
that required reactor modelling, to derive an overall kinetic expression and try to deduct the 
underlying mechanism. 
This will be combined with characterization of the catalyst to get a better understanding of the 
catalyst properties for the analysis. A key parameter at the large industrial scale is the long term 
activity, so beyond finding the most active catalyst among the different metals, it is also attempted 
to stabilize active catalysts towards sintering. 
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2. Experimental 
 
2.1.  Setups 
From the more theoretical part to the experiments conducted in this project. A wide range of 
experimental setups have been used for the investigations conducted. After catalyst preparation, the 
samples have been reduced in a reduction setup. The reduction setup is along with the other setups, 
steel tube plug-flow reactors. There have been used several different sizes of test reactors, but all 
with the same basic principle as shown in Fig. 7. 
 
 
Figure 7. Schematic drawing of a test reactor setup. 
 
The central reactor is a stainless steel tube with an inner diameter of either 2.6, 7.2 or 8.5 mm 
depending on the reactor system. Three reactor systems were used for the experimental work. 
Kinetic data were obtained with the largest reactor setup, 8.5 mm inner diameter. There is a 
continuous radial heat input to these reactors. A temperature measurement is placed in the near 
vicinity of the catalyst bed. The setups include gas inlets through mass flow controllers, where it is 
possible to add N2, CH4, CO2 and H2. Water is added through an evaporator.  
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Table 1. Properties of the two reactor setups. 
Reactor 
system 
Testing 
purpose 
Inner 
diameter 
Outer 
diameter 
Reactor 
length 
Thermo 
well 
placement 
Operating 
temperature 
Catalyst 
bed 
length 
Details 
1 Screening 2.6 mm 3 mm 310 mm 
10-20 mm 
above bed 
350-550°C 
20-30 
mm 
No 
condenser 
2 Kinetic 8.5 mm 9.5 mm 930 mm 
In thermo 
channel, at 
bed height 
450-850°C 
13-17 
mm 
 
3 
Absolute 
activities 
7.1 mm 8.5 mm 600 mm 
In thermo 
channel, at 
bed height 
450-800°C 
11-12 
mm 
 
 
The outlet gas is analysed after the reactor by a gas chromatograph, where the mole fractions of H2, 
N2, CO, CO2 and CH4 are measured. In test reactor 1 is the H2O concentration also measured. For 
this setup it is possible to measure steam by gas chromatography due to the low steam content used 
in experiments for this setup. The test system 1 is a 10 reactor parallel screening reactor with 
narrow reactors (2.6 mm inner diameter) and a heating block supplying the heat. Due to the size of 
the small reactor, the temperature measurement is placed above the reactor bed. In this way it is not 
possible to determine temperature changes due to chemical reaction. But the setup is mainly for a 
screening study of catalysts, hence comparison between each experiment is valid. 
In reactor system 2 three heating zones provide a stable temperature in the reactor. A thermo well is 
placed inside a thermo channel, allowing the thermo well to be placed at the centre of the catalyst 
bed. Due to the wider reactor tube, the radial heat gradient becomes more important and needs to be 
taken into consideration for the setup if running at significant high conversions for the endothermic 
methane steam reforming reaction. Reactor system 3 is similar to reactor system 2 with the 
exception of having a smaller inner diameter. 
 
2.2. Catalyst preparation 
The support materials are important for obtaining a good performance of a catalyst. It should be a 
support material that has a high surface area, to ensure well distributed metal particles. The support 
should have good strength, but at the same time has efficient diffusion properties for reactants and 
products. It is in most cases inert to chemical reaction, so the desired catalytic reaction only can 
occur on the catalytic active particle. For the steam reforming reaction it should be stable under 
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severe reaction conditions; high partial pressures of steam in combination with high temperatures 
will have a sintering effect on most high surface area support materials. These properties are 
fulfilled by support materials such as MgAl2O4, Al2O3 and ZrO2. In the case of Al2O3 there exist 
several forms of alumina, where γ-alumina can be desirable for low temperature (400°C), the 
alumina will eventually form α-alumina with a lower surface area at higher temperatures. It is 
therefore desirable to use an α-alumina from the beginning to avoid support sintering during 
experiments. As given by table 2 ZrO2 is stabilised by 3 wt% Y2O3 for the experiments performed 
to obtain the high temperature stability.  
 
Table 2. List of support materials and their basic properties. 
 Stabilisator Surface area Pore volume Peak pore diameter 
MgAl2O4 - 60 – 70 m2/g ~0.4 ml/g 100 Å 
α-Al2O3 - 5 m2/g ~0.5 ml/g 1500 Å 
ZrO2 Y2O3 10-15 m2/g ~0.2 ml/g 300 Å 
 
The supports are impregnated by an incipient wetness method, where the aqueous solutions of metal 
salts are mixed with support material. Due to capillary forces, the liquid will wet the entire inner 
surface of the catalyst. The main issues regarding this procedure is gradient impregnation and 
support dissolving. The aqueous solution will sometimes be acidic or alkaline to ensure high metal 
content in the solution. This can cause the support to start dissolving, which will reduce the surface 
area and change the morphology. During impregnation the metal will bind relatively strongly to the 
surface, sometimes resulting in a metal gradient through the catalyst, with a higher metal loading at 
the surface compared to the centre of the pellet. This can be reduced by impregnating smaller 
support pellets. In this thesis, catalyst pellets sizes are in different size fraction between 2.0-4.5 mm. 
The specific value is chosen as a compromise between not having the support material as powder 
with little pore structure left and having too large particles that will give concentration gradients. 
The metal salts used for impregnation have been listed in table 3. 
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Table 3.  The metal salts used in the incipient wetness impregnation. 
Metal Ni Ru Rh Pt Pd Ir 
Solution 
Ni(HCOO)2 
Ni(NO3)2 
Ru(NO)(NO3)3 Rh(NO3)3 Pt(NH3)4(NO3)2 Pd(NH3)4(HCO3)2 IrCl3.4H2O 
 
The amount of solution used is determined from pore volume measurements by water as given in 
table 2. There is used a 10% surplus of the solutions for the desired loading due to spillage. 
After impregnation of the support, the samples are dried at 80°C to ensure a good distribution of the 
metal atoms. The metal is now present as an oxide. Some metal oxides are volatile at elevated 
temperatures; especially RuO2 is a volatile and carcinogenic compound. The subsequent heating to 
remove the remaining water and ions are done in pure hydrogen at 400-600°C for Ru catalysts. 
Other catalysts were calcined at 400°C for 4 hours in air before reduction at 400-600°C. The metal 
atoms are now well distributed in small metal particles on the support surface. To obtain a catalyst 
which is more resistant to sintering, a high temperature ageing procedure is applied. The catalysts 
are heated to 750-800°C in a H2O/H2 (ratio ~ 1) at 30 bar for approximately 10 days. This 
procedure should give a stable catalyst. As will be evident, this is only partly true, as a reversible 
deactivation phenomena occurred at 550-650°C, which will be described in section 3.3. 
 
2.3. Characterization 
For characterization of the catalyst several methods have been used. The main focus has been on 
estimating the metal surface area. The metal surface area or dispersion can be used to calculate the 
turnover frequency representing the activity per site. Hydrogen chemisorption, sulphur 
chemisorption, x-ray diffraction (XRD) and transmission electron microscopy (TEM) have been 
used in determining the metal surface area.  
Volumetric H2 chemisorption at 40°C was used to determine metal surface area. Samples were 
reduced at 400°C for 2 h and then evacuated 1 h and finally cooled to 40°C before hydrogen 
chemisorption measurement began. An isotherm was measured between 2.5 and 112 kPa H2 and 
extrapolated to zero hydrogen pressure. The dispersion was obtained by assuming 1:1 stoichiometry 
between a metal atom and an adsorbed H atom.  
The sulphur chemisorption has served two purposes. It is used in a similar way as hydrogen 
chemisorption to determine dispersions. There have also been done experiments on Ru, Rh, Pt, Ir 
and Ni catalysts to determine sulphur isotherms. The measurements were performed in a H2S/H2 
gas mixture with catalysts placed in series in a plug flow reactor. The experiment continues until 
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saturation of the samples. After sulphidation, the sulphur content in the catalyst is determined by 
high temperature oxidation measurement of SO2. The sulphur chemisorption capacity (scap) has 
been used to determine the dispersion and surface-average metal particle diameter. It has been 
shown for Ni that the maximum coverage of sulphur is 0.5 [28]. It is assumed that similar coverages 
are valid for Rh, Ru, Ir and Pt. From the sulphur chemisorption it is possible to determine the 
average particle diameter by Eq. 8 for an fcc metal [12]. 
 
46 10ss
x cap
M X vd
M s s
θ=       (8) 
 
Where Ms is the molar mass of sulphur, Mx is the molar mass of metal x, θs is the coverage of 
sulphur, X is the weight percentage of the metal, ν and s are the volume and surface area of the 
metal. 
Characterization of catalysts by x-ray diffraction (XRD) give an estimate of the volume averaged 
surface area for the metal particles. At low metal loadings, XRD is not a feasible technique as the 
signals are not sufficient for good measurements. The XRD measurements were performed on a 
Philips X’Pert Pro θ–θ diffractometer with Bragg–Bretano geometry, a variable divergence slit and 
a graphite monochromator using CuKα radiation. Average metal crystallite sizes were obtained 
from the line broadenings of the Rh(200) diffraction line, corrected for the instrumental broadening, 
using the Scherrer equation. 
Characterization of catalysts has been done with transmission electron microscopy (TEM) to 
determine particle sizes. Measurements have been done ex situ using a Philips CM200 FEG and a 
Philips CM300 FEG electron microscope. A TEM sample is prepared at ambient conditions by 
crushing the sample and covering a Cu grid with a holey carbon film. TEM images were recorded 
using a 1k x 1k CCD camera at different magnifications corresponding to an image pixel size in the 
range of 0.08 nm to 0.45 nm. The ex situ studies should be sufficient to have good description of the 
catalyst. But some inconsistencies were observed for Ru based catalysts. In situ studies of Ru 
catalysts were undertaken, which revealed that there is surface oxidation of the metal particles at 
ambient conditions. When performing measurement at in situ conditions, much smaller particles are 
visible. This oxidised surface at ex situ condition rendered it difficult to determine actual particle 
sizes. Environmental transmission electron microscopy (ETEM) were done using a Philips CM300 
FEG electron microscope equipped with an environmental cell [29]. For the ETEM experiments the 
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sample was distributed on a Mo TEM grid and exposed to 2.0 mbar H2 at 500°C for 1 h to reduce 
the surface of the sample. 
 
From the TEM or ETEM images, the metal nanoparticle diameters are determined from the 
projected area of the particles assuming that the particles are spherical. The resulting particle size 
distributions allow surface-averaged and volume-averaged particle diameters to be calculated and 
compared to the average particle diameters obtained by the sulphur chemisorption and XRD 
methods. The surface-averaged particle diameter is given by   
 
∑
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Where di is the diameter of the i´th particle. Likewise, the volume-averaged particle diameters are 
given by 
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The dispersion can then be determined from the total surface area (Atot) and the total volume (Vtot) 
determined from the particle size distributions by the following equation 
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Where v is the atomic volume and s is the surface area per atom. If it is assumed that the close-
packed surfaces have the lowest surface energies are dominant, then it is possible to calculate the 
dispersion for an fcc(111) metal particle by  
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and for an hcp(0001) metal particle by 
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With a and c being the lattice parameters.  
 
2.4. Reactor modelling 
If the catalytic activity is sufficiently slow, no influence of intra-particle diffusion or heat gradients 
in the system then it would relatively easy to analyse the data. But the reaction is strongly 
endothermic, the porous support has a high surface area and the reaction needs to be run to a certain 
conversion to observe kinetic changes. The incorporation of mass and heat transfer need to be taken 
into consideration since it will be evident that the experiments are not conducted at intrinsic 
conditions, but only at near intrinsic conditions.  
In Fig. 8 is sketched a plug flow reactor resembling the reactors used in the experiments. The 
modelling of the reactor is done by a differential reactor model to calculate the pressure, 
temperature and conversion profiles of a fixed bed catalytic reactor. Effectiveness factors are used 
through the catalyst bed to incorporate the heat and mass transfer in the catalyst pellets. The 
integration is done over length steps through the reactor. In each integration step, the heat and mass 
transfer are calculated and evaluated. 
 
 
                   ( )iF z    ( )iF z z+ ∆  
               z           z z+ ∆  
Figure 8. Setup for plug flow reactor with the change in molar flows for ∆z 
 
The important aspect to review is the conversion, Xi, both for the steam reforming and the water gas 
shift reactions. They are given as a function of the molar flow Fi in Eq. 14 and 15. 
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The water gas shift reaction is assumed to be in equilibrium as described in section 5.1. So the 
conversion, X2, is therefore directly a function of X1 and Kp (WGS). The water gas shift equilibrium 
is ensured numerically by using a sufficiently high water gas shift reaction rate. By assuming the 
water gas shift reaction is in equilibrium then it is possible to do a full description of CO2 reforming 
as well with the conversions, X1 and X2. For numerically modelling the CO2 reforming reaction it is 
necessary to include a small amount of steam in the feed for convergence, since there is either H2 or 
steam for initial conversion in the first integral step. Since there is no steam dependency on the 
forward steam reforming reaction, X1 is also a descriptor for the conversion of methane for the CO2 
reforming experiments. 
This conversion is used as a variable for modelling the mass transfer. In Fig. 8 the change in molar 
flows as a function of length, z, is sketched. A general mole balance can be constructed and in the 
limit of ∆z and it gives a differential equation in Eq. 16 for the molar conversion of a given 
component. 
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Where νi,j is the stoichiometric coefficient for compound i in reaction j. If this differential equation 
is evaluated for methane then it is possible to relate the steam reforming reaction rate directly to the 
conversion by Eq. 17. The reaction rate is an analytical expression which will be constructed based 
on the kinetic modelling. 
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Obviously, the reaction rate will depend on the reactant concentrations and therefore also the 
conversions. 
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2.4.1. Energy balance 
Due to the strongly endothermic steam reforming reaction and resulting temperature change, the 
energy balance has to be taken into consideration. The change in temperature will have a significant 
effect on the reaction and therefore the modelling, especially at high conversion and temperature. 
The energy balance is modelled as in Fig. 9 where an inlet flow to a differential area contains an 
amount of energy, ( )
1
N
i i z
i
F H
=
∑ , and together with the heat input through the reactor wall, Q∆ , this 
has to be balanced with the produced heat and exit flow, ( )
1
N
i i z z
i
F H
+∆
=
∑ . 
                                              wallT  
           Q∆  
 
( )
1
N
i i z
i
F H
=
∑                                        ( )
1
N
i i z z
i
F H
+∆
=
∑  
 
         z           z z+ ∆  
Figure 9. The heat transfer in the bed. Hi is the enthalpy of the individual component. 
 
A simple one dimensional model is applied in the axial direction. Since the catalytic sample is 
highly diluted, combined with the flow velocity, it is assumed that the temperature change in the 
radial direction is constant. The heat balance is given by Eq. 18.  
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∑ ∑    (18) 
 
Where a is a geometric factor representing the ratio between the area of the inner wall and the 
volume of the bed (e.g. m2 inner wall/m3 bed), ρbulk is the bulk density of the bed, U is the overall 
heat transfer, T is the bed temperature and ωbed is the mass fraction of catalyst in the bed. Eq. 18 can 
be rewritten as Eq. 19, where the change in enthalpy can be given by the specific heat capacity, Cp,i, 
and the change in temperature by Eq. 20. 
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The final energy balance can be written in Eq. 21 where ∆Hi is change in enthalpy. 
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Converting the general Eq. 21 into the specific for the steam reforming reaction in Eq. 22. 
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Where 
,p inC  is the average heat capacity at inlet conditions and ∆CP,j is the change in heat capacity 
for reaction j. This equation describes the heat changes in the reactor when assuming heat input 
from the outer wall.  
 
2.4.2. Heat transfer coefficients 
It was assumed that there was no temperature change in the radial direction this still holds for the 
bed, but the temperature from the wall to the bed has a temperature drop due to film effects. The 
heat transfer coefficients for the resistances can be evaluated as follows. Firstly, it is assumed that 
the heat transfer through the reactor wall is high and does no play a significant part. This energy 
transport due to the radial heat transport is sketched in Fig. 10. Here the outer wall, the packed bed 
and the thermo well is shown. The heat is transported through an inner wall film and then into the 
catalytic bed. The resistance in the packed bed, Ωbed, and the inner wall film, Ωinner wall, are decisive 
for the total heat transfer. In total this can be summarized by Eq. 23.  
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Figure 10. Heat transfer from the wall through the inner wall film and the packed bed. Overall it is described by the 
overall resistance, Ωoverall= 1/U. 
 
1
inner wall bedU
= Ω + Ω       (23) 
The two resistances can be given by Eq. 24 and 25. By combining the two resistances it is possible 
to simplify the temperature change in the axial direction. The radial heat change is then calculated 
based solely on the overall heat coefficient.  
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Where hinner  wall is the heat transfer at the inner wall, Dtube,eff is the effective tube diameter and λer is 
the effective thermal conductivity. An axial temperature has been measured as given in Fig. 10. 
This temperature measurement is placed inside a thermo channel. The temperature should be equal 
to the inlet and wall temperature at zero conversion and is used as reference temperature. Because 
of the endothermic reaction the axial temperature will decrease at increasing conversion. The heat 
transfer between z and z + ∆z can then be calculated as in Eq. 26. 
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Where ∆Q is the heat transferred to the differential zone and Tbed(z) is the mean temperature which 
depends on the independent variable z. It is assumed that the overall heat transfer coefficient, U, 
will be constant through the short reactor bed. 
 
The gas flow along the catalytic bed wall has laminar flow conditions. So calculations should be 
made for laminar flow. If the flow near the wall is considered, it can be approximated as flow 
around a sphere [30]. This theory was developed for the film around a sphere in a packed bed. The 
sphere was suspended in an infinite fluid and overall the system corresponds well the flow around 
the wall of this packed bed. 
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A correction factor Cwall is added to the equation of a simple sphere due to the large artificial 
particle (the wall) which is introduced in this system. The effective thermal conductivity is 
necessary for determining the heat transfer in the bed. It is assumed to be constant for the entire 
reactor bed. The transfer coefficient can be calculated based on a turbulent and stagnant part as 
given in Eq. 28 [31]. 
  
er turb stagλ λ λ= +       (28) 
 
The detailed calculations are given in appendix A along with the calculations based on the inlet 
conditions. It can be shown that the stagnant contribution surpasses the turbulent contribution due to 
the low Reynolds number flow (Re~1). 
The temperature measurement in the thermo channel TTC has so far been assumed to be equivalent 
to the bed temperature. But since the outer wall has been considered having high heat conductivity, 
similar considerations must be taken for the thermo channel. Heat can be transported in the thermo 
channel and between the thermo channel and the bed. In appendix A is given the detailed 
calculations for this effect to the heat balance. By adjusting Cwall, the data obtained from the axial 
temperature can be compared to the calculated temperature in the thermo channel at the centre of 
the reactor by Eq. 29. 
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The heat balance is adjusted to the experimental setup by the Cwall parameter that largely is 
determined by the flow velocity, which is kept constant.  
 
2.4.3. Pore diffusion 
Pore diffusion is an important aspect of the catalytic performance. A general way of including the 
pore diffusion in relation to the reaction rate is by the effectiveness factor given in Eq. 30 [30]. The 
effect of the effectiveness factor is multiplied to the rate. 
 
actual mean reaction rate within pore
bulk rate
η =     (30) 
 
The pore distribution of a standard ZrO2 based catalyst is shown in Fig. 11 and determined by Hg 
porosimetry. For a relative strong support such as ZrO2 it is feasible to apply Hg porosimetry 
without destroying the catalyst. Calculation of the effectiveness factor can be done through equation 
31 – 33.  
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Where φ is the Thiele modulus for the reaction given by Eq. 32, L is a characteristic size of the 
catalyst particle, k is the rate constant and Deff is the effective diffusion coefficient. Deff is derived 
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from the molecular diffusion coefficient D, by the porosity ε and a tortusity factor τ that describes 
the overall pore system. 
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Figure 11. Pore distribution for standard ZrO2 support material used for noble metal catalysts. Obtained by Hg 
porosimetry. 
 
In appendix A an example of calculating the effectiveness factor for a standard experiment at 500°C 
is given. The effectiveness factor is at those conditions 0.97, close to intrinsic conditions, but 
enough to consider when analyzing the kinetic data. 
 
2.4.4. Model optimization 
From the gas chromatography data it is possible to determine the experimental conversion. For 
methane steam reforming this is done by Eq. 34, while for CO2 reforming it can be done by Eq. 35.  
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It is possible to compare the obtained conversion data from experiments and model. The 
optimization has been done by applying Eq. 36 where the modelled outlet conversions are 
optimized by changing the kinetic rate expression parameters.  
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This describes the model optimization. The modelling results gives temperature profiles as shown 
by Fig. 12, where axial profiles are shown of the thermo channel temperature, bed temperature and 
the methane conversion rate. It is seen that the bed temperature decreases significantly at inlet due 
to the endothermic reaction. The large bed temperature decrease at inlet present is due to the high 
rate, where there is a high methane partial pressure and low product inhibition. The thermo channel 
temperature decreases also slightly, but is compensated by the heat conductivity in the channel wall. 
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Figure 12. Reactor profile with the thermo channel temperature, the bed temperature and the methane conversion rate as 
a function of the axial distance. Flow direction from left towards right. (left)Experimental conditions of 500°C, 0.18 bar 
N2, 0.18 bar CH4, 0.72 bar H2O and 7.0% conversion. (right) Experimental conditions of 800°C, 0.20 bar N2, 0.20 bar 
CH4, 0.80 bar H2O and 62.1% conversion. 
 
The high temperature experiment shown in Fig. 12(right), gives fundamentally the same results as 
in low temperature experiment, but there is a significant drop in bed temperature of 50°C. This drop 
is not reflected in the actual temperature measurement in the thermo channel, where the temperature 
decrease is closer to 20°C. These figures represent the reactor behaviour as represented by the 
model. The big drop in temperature affects the reaction rate and it is therefore necessary to include 
the modelling. Not relating the different temperatures would give a wrong model result. It also 
shows the importance for fully understanding the strongly endothermic reaction in the reactor setup. 
The central measured temperature does not always present the expected result.  
As will be given later by the kinetic model, the catalyst has significant product inhibition through 
the reactor and there are large differences in reactivity even at low conversion as given by Fig. 12 
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(left). An analytical expression would not have been able to capture the development of the reaction 
rate due to the strong product inhibition. 
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3. Characterization results 
 
3.1. Sulphur adsorption 
As given earlier, sulphur chemisorption plays an important role for steam reforming. In a traditional 
hydrocarbon feed gas there is sulphur impurities and it is necessary to remove these in a 
desulphurization unit. Only small amounts of sulphur are necessary for sulphur poisoning of the 
catalyst. The sulphur atoms adsorb to the metal surface with a high binding energy and thereby 
reducing the methane steam reforming activity. This investigation is partly uncovering some of the 
aspects for determining sulphur content limits the gas phase, which will help designing 
desulphurization units. The sulphur adsorption can also be used as an advantage. The surface area 
of the metal particles can be estimated based on the total sulphur adsorption and the metal loading 
in the catalyst. This estimation has previously been shown for nickel to give a reasonable estimate 
of the specific surface area [28]. This technique proves advantageous or multiple sampling 
compared to more individual sample characterization techniques such as TEM or H2 chemisorption. 
Since sulphur on the metal surface is in equilibrium with H2S as given by Eq. 37, then it is possible 
to have multiple samples in one H2S gas stream. When the system has reached equilibrium 
conditions overall, then the experiment is finished and the samples can be analysed individually for 
their sulphur content. 
 
2 2Me H S Me S H+ − +⇌       (37) 
 
So both as an impurity and for characterization the sulphur adsorption is interesting. The specific 
sulphur adsorption in weight ppm, Scap, representing the sulphur capacity of a given catalyst for a 
given set of experimental conditions. In this investigation, the sulphur is added to the gas phase as 
H2S. Most other sulphur containing compounds will be converted to H2S on the steam reforming 
catalyst in the presence of H2. It can therefore be assumed that sulphur is present as H2S. For nickel 
at 500°C, half a monolayer of sulphur (θs = 0.5) corresponds to the equilibrium of H2S/H2 by Eq. 37 
to H2S/H2 = 1.6·10-12 [28]. When discussing sulphur adsorption or H2S then it is always referring to 
the idealized H2S/H2 system. Measurement is therefore performed under idealized and strongly 
reducing conditions. To experimentally obtain sulphur coverages lower than full coverage, it is 
 31 
necessary to perform experiments at very low H2S concentrations and elevated temperatures to the 
gain knowledge about sulphur adsorption. 
For nickel catalysts it has been observed that there is a strong interaction between sulphur atoms on 
the Ni surface. The sulphur atoms binds both fourfold and twofold to Ni sites and the maximum 
coverage observed is approximately half a monolayer [32], hence at complete sulphur adsorption on 
the surface the actual nickel surface area is twice the corresponding sulphur surface area. At high 
sulphur concentrations (>1000 ppm H2S/H2) it becomes favourable to form nickel sulphide, Ni3S2. 
The strong impact of sulphur has both electronic and geometrical effect on the catalytic activity. It 
can effectively block sites [33], restructure the surface [32] or induce shift in the surface energy of 
the active catalyst metal [32].  
There is operating conditions at which sulphur content in the feed stream can be an advantage. Due 
to the high sulphur adsorption energy (table 4) then it is more favourable than carbon adsorption. So 
with a specific amount of sulphur in the feed gas it is possible to suppress the carbon formation, 
while retaining sufficient steam reforming activity. This technique is applicable when running under 
severe experimental conditions of low S/C ratio which is prone to form carbon under normal 
operating conditions. This geometrical effect hinders the formation of stable carbon structures 
which is necessary for significant carbon formation [33]. 
 
Table 4. Sulphur adsorption energies and sulphide formation energies [34,35,36,37,38,39]. 
Metal Sulphur adsorption energy 
[kJ/mol]1 
Sulphide formation energy 
(per sulphur atom) [kJ/mol] 
Ni -247 -173 
Ru -215 -168 
Rh -166  -148 
Ir -219 -135 
Pt -177 -147 
1Reference (1/2) S2(g) 
 
Sulphur adsorption studies have been done by Rostrup-Nielsen [40], who measured the 
chemisorption of H2S on nickel supported catalyst for temperatures between 550-645°C. The 
sulphur uptake is given as a function of H2S/H2 ratio; saturation layer is observed above 5 ppm H2S 
and bulk sulphide (Ni3S2) is observed above 1000 ppm H2S. To validate the sulphur chemisorption 
experiments, H2 chemisorption measurements were performed. It was estimated that the maximum 
sulphur coverage is 0.5 sulphur atom per nickel atom. Alstrup et al. [41] performed additional 
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experiments at high temperature. The experiments covered a larger temperature span (500-750°C) 
and a large H2S/H2 ratio (7.5-50 ppm). By combining their experiments with McCarty et al. [37], an 
adsorption isotherm was suggested as given by Eq. 38. 
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Where ∆H0 (-289 kJ/mol) is the sulphur adsorption energy, ∆S0 (19 J/K) is the change in entropy, α 
(0.69) is the coverage factor and θ is the sulphur coverage determined by θ = s/s0. s and s0 are the 
actual and the saturation amount of adsorbed sulphur, respectively. The values are determined 
experimentally based on both the data by Alstrup et al. [41] and McCarty et al. [37]. This equation 
describes the relationship between the experimental conditions given by the H2S/H2 ratio and the 
sulphur coverage, θ. 
Since sulphur also binds strongly to other transition metals, it is speculated if this method could be 
expanded to other relevant steam reforming metals, such as Rh, Ru, Pt, Ir and Pd [12]. Ru, Pt and 
Pd all have surface metal sulphides with qualitative similar structures as those of Ni [42].  McCarty 
and Wise have produced a series of investigations, analysing the H2S chemisorption on Ni [37], Ru 
[36], Fe [43], Co [43], Pt [35] and Ir [34]. The investigations have been done at very low partial 
pressure of H2S (0.1 ppb – 1 ppm) on various catalyst samples. In this investigation the applicability 
of the sulphur adsorption on noble metals and the precise adsorbance will be reviewed. 
 
3.1.1. Experimental 
The sulphur adsorption experiments have been conducted in a plug flow reactor (40 mm inner 
diameter). In the reactor a series of containers are placed above each other for a length of 80 cm. 
There are three heating zones in the reactor setup, which makes it possible to have a temperature 
gradient axially in the reactor by setting the three different temperatures. The gas enters at the top 
where the highest temperature is, and then the temperature decrease as the gas flows downwards. 
The temperature gradient can have up to 300°C in difference between the highest and lowest 
temperature. Catalyst samples of 2-3 g are placed at 4-5 different locations through the reactor and 
the local temperature is measured by a thermo well inside a centred thermo channel.  
Ni-0 (14.4wt% Ni/MgAl2O4), Pt-0 (4wt%Pt/MgAl2O4), Ir-0 (4wt%Ir/MgAl2O4), Rh-0 (4wt%Rh/ 
MgAl2O4) and Ru (4wt%Ru/MgAl2O4) samples have been used for the experiment. 
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The temperature gradient was kept constant throughout the experiment. First the samples are re-
reduced in H2 and then exposed to the experimental gas mixture of H2S and H2 (total flow 335 
Nl/h). The gas flow was kept constant until a sulphur amount corresponding to 3-4 times full 
saturation for a 100% dispersed sample have passed through the reactor setup. It is assumed that 
this is enough to ensure equilibrium conditions as given by Eq. 37. After the experiment the reactor 
was cooled in standing H2S/H2 gas. The samples were analysed by high temperature oxidation and 
IR measurement of SO2 signal. In the two sets of conditions, 0.75 and 2 ppm H2S/H2 gas mixtures 
were measured. They would evidently be close to each other, but should show consistent adsorption 
behaviour. 
 
3.1.2. Results 
The coverages are presented in Fig. 13, where there decreasing coverage of sulphur at increasing 
temperatures is observed. The data for Ir and Pt have some uncertainty due to their low absolute 
adsorption as given in Appendix B. But for especially Rh and Ru there is a good correlation 
between the temperature and the coverage. The data obtained for the experiments are not precise 
enough to produce good models that describe the data. The results though give a good qualitative 
description of the sulphur adsorption on noble metal catalysts. The obtained data for sulphur 
adsorptions have been converted to coverages based on a standard reference experiment (12 ppm 
H2S/H2, 550°C) that ensures full coverage.  
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Figure 13. Coverage plotted as a function of temperature for 0.75 (left) and 2.0 ppm (right) H2S/H2 gas mixture. Full 
coverage is given by low temperature and high H2S/H2 ratio, see appendix B. The model is given for Ni in work by 
McCarty and Wise. [37] 
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The H2S/H2 ratios were chosen based on the data by McCarty and Wise [32,37,34,36,35], so it is 
affirming that for this sulphur gas concentration a temperature effect would be expected. The 
obtained results compares qualitatively with data reported by McCarty and Wise on Ru, Ni, Pt and 
Ir based catalysts. 
The catalyst sinters during the experiment and it was seen by subsequent standard sulphur 
adsorption measurements on certain samples that there is sintering up to 15% at the highest 
temperature. This further complicates the data and the uncertainty has to be included when 
analysing the data. Overall the data confirms the expected trends and levels for sulphur 
chemisorption, but more precise measurements are needed to make a model that precisely can 
describe the sulphur coverage as a function of temperature and H2S/H2 ratio. 
 
3.2. Carbon formation 
The interest in noble metals for steam reforming catalysts stem from the lower risk of carbon 
formation. Basically there are three forms of carbon formation that can be critical for the steam 
reforming process. Polymer film (“gum”), pyrolytic coke or whisker carbon.  
 
Table 5. The possible formation of carbon, where the whisker carbon is most relevant for this study [2]. 
Carbon type Phenomena Critical parameters 
Gum Blocking of metal surface Low S/C ratio, low temperature, higher hydrocarbons 
Pyrolytic coke Encapsulation of catalyst pellets High temperature, residence time 
Whisker carbon Breakup of catalyst pellets Low S/C, high temperature, olefins 
 
At low temperatures hydrocarbons might adsorb to the surface and can slowly transform into a 
polymer film equivalent of gum, which effectively blocks the Ni surface. At high temperatures, 
pyrolysis of higher hydrocarbons may lead to pyrolytic coke. This coke can encapsulate the catalyst 
pellets. The most critical carbon formation for methane steam reforming is carbon whiskers. Carbon 
whiskers grows from a metal particle as a tube, and for the special case of one graphene layer in the 
tube it is also referred to as carbon nanotubes. Adsorbed carbon atoms diffuse on the surface, where 
step-edge sites act as growth centres for graphene layers on the metal surface. Additional carbon 
atoms diffuse to the continued growth of these carbon whiskers. The mechanical strength of 
graphene effectively destroys the catalyst pellets. This will increase the pressure drop through the 
reactor, eventually stopping the process. The whisker carbon has a higher energy than graphite due 
to the high surface area of the structure, so the conditions for whisker growth cannot be determined 
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directly from graphite thermodynamics. The dependency of the thermodynamics on the metal 
particle size makes it only possible to determine experimentally. 
There are three main factors determining the whisker growth; the particle size, the carbon potential 
and the specific metal. The geometry is important for the growth of carbon whiskers. Larger terrace 
areas are necessary for a full graphene layer to develop. It is observed that on small metal particles, 
carbon have minor affinity for whisker growth compared to larger particles [2]. Carbon deposition 
can come from three main reactions by Eq. 39 – 41.   
 
4 22CH C H+⇌    ∆H = 75 kJ/mol  (39) 
22CO C CO+⇌    ∆H = -172 kJ/mol  (40) 
2 2CO H C H O+ +⇌    ∆H = -131 kJ/mol  (41) 
 
The three reactions are methane decomposition, the Boudouard reaction and the CO reduction 
reaction. The main focus will be on the methane decomposition reaction, since this is most relevant 
for the experiments performed. To evaluate the potential for whisker formation, the whisker 
equilibrium constant Kpw can be taken into consideration 
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This is an experimental Kpw value for the whisker thermodynamics. It is valid qualitatively for 
similar systems but cannot be generally applied to other catalysts with a different metal or different 
metal particle sizes.  
 
3.2.1. Experimental  
A ruthenium catalyst has been tested in a thermo gravimetric (TGA) setup. The setup consisted of a 
glass tube with a glass basket attached to a micro-balance. The formation of carbon has been tested 
using both a mixture of CH4 and H2 for methane decomposition studies. Furthermore has CH4/H2O 
equilibrated gas mixtures been used for studying the influence of oxygen containing species. There 
is used a single large pellet of 1wt% Ru/ZrO2 catalyst to ensure full conversion of the gases and 
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thereby having equilibrated gas in the entire catalyst pellet. The pellet is placed in the open 
structured basket, so there is easy interaction between the gas flow and the pellet. 
The measurements have been conducted in the temperature range of 500-750°C. For the majority of 
the experiments, the catalyst have been exposed to a H2O/H2 gas mixture (ratio 1:1) at 750°C for 
approximately 2 hours to ensure no carbon residue and stable weight. The temperature was adjusted 
and the inlet flow was set at either a high H2O/CH4 or high H2/CH4 ratio. Then the methane flow 
was increased by a concurrent similar decrease in inert N2 flow. The stable total flow ensures no 
artificial influence on the microbalance. When the methane level reaches a certain flow compared to 
the H2O or H2 flow, then carbon starts forming and this carbon limit is observable by the weight 
increases. The catalyst pellet has a total weight of 450 mg and the uncertainty of the microbalance is 
0.1 mg. The methane flow gradient is kept significantly slow to ensure that it is possible to 
determine the carbon limit for the catalyst. The time frame for each of these experiments therefore 
has been in the order of 10-30 hours.  
 
3.2.2. Results 
Thermodynamically, graphite is the most favourable carbon type that can be formed. So when 
comparing data in Fig. 14, then the carbon formation limit is compared to graphite formation. The 
actual whisker carbon have a significantly higher energy and hence more difficult to form. In Fig. 
14 is seen the carbon limits for a 1 wt%Ru/ZrO2 catalyst, where it is evident that the limits are 
significantly lower than graphite formation. There is also a difference between the potential for 
carbon formation depending on the presence of oxygen containing species. It is assumed that the 
CH4/H2O gas mixture is in equilibrium and the equilibrium CH4 and H2 concentrations are 
calculated for these experiments to estimate the Kpw value.  
If this reaction should not be in equilibrium, then the equilibrium constant for carbon formation for 
the CH4/H2O data would be expected to above the CH4/H2 data due to lower H2 concentration in the 
CH4/H2O experiments. So oxygen containing species apparently play a role in lowering the carbon 
formation limit. 
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Figure 14. The carbon formation limit as a function of temperature. Kpw is for the methane decomposition reaction is 
calculated for both reactions. Reference by Rostrup-Nielsen [9]. 
 
The values for the CH4/H2 experiments correlates very well with similar experiments obtained in a 
study by Rostrup-Nielsen and Hansen [9]. That investigation also shows the particle size has a 
significant influence on the carbon limit, and that small particles are less prone to carbon formation. 
This is likely due to the carbon structure, which is forming on terrace sites, since it needs to be a 
stable whisker carbon structure that can be expanded.  
Experiments have also been done on a pre-carborized sample and the carbon limits have been 
measured qualitatively on the ruthenium catalyst to form carbon at a higher equilibrium value. This 
supports the notion of having a carbon structure that continuously grows. The initial carbon 
formation is the threshold for the actual carbon formation on a ruthenium catalyst. The obtained 
results supports the investigation by Rostrup-Nielsen and Hansen [9], which shows similar results 
for the carbon formation on other noble metals. Their results show that all noble metals (Ru, Rh, Ir, 
Pt and Pd) have significantly lower affinity for carbon formation than nickel does. Post 
characterization by TEM analysis of the sample showed clearly the formation of whisker carbon, 
which support that this type of carbon formation is responsible for the weight increase. 
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3.3. Stabilisation of catalytic activity 
Heterogeneous catalysts can deactivate in different ways. It can be due to sintering, poisoning or 
loss of catalytic material in the reactant stream. These phenomena are usually possible to model, 
either by a simple linear model or more complex models. But overall it is possible to predict the 
activity as a function of time.  
In the steam reforming catalyst research a deactivation has been observed as sketched in Fig. 15, 
which is not possible to model directly. Basically the catalyst deactivates in a medium temperature 
regime of 550-700°C. This happens when the temperature is increased in a standard steam 
reforming gas mixture, e.g. 20% CH4 and 80% H2O. For such experimental conditions the catalyst 
will deactivate. In this section it will be attempted to explain this phenomenon and derive a way to 
ensure stable activities. The basis will be in Fig. 15 sketching the deactivation and subsequent 
reactivation. Time plays a crucial part for the deactivation phenomenon. The time factor for the 
conditions applied is in the order of hours. With such time lengths it is difficult to obtain similar 
results for similar experiment and fluctuations have been observed. Another independent variable is 
the catalyst pellet size. When using large pellets this phenomenon is not observed, while 
significantly smaller pellets are prone to this deactivation. At the reactor conditions used here, the 
deactivation is observed for a pellet size range of 125-300 µm. Larger particles in the size range of 
300-500 µm did not show the same deactivation phenomenon. The biggest difference between 
different size fractions is the conversion inside the pellet. In larger pellets there is more equilibrated 
gas in the centre of pellet, whereas for smaller size fractions the rate will be almost independent of 
location in the pellet. It will be evident that this feature is also central to understand the 
phenomenon. 
The experiments are done with 30 min between each gas measurement, though 60 min between 
each temperature. With three gas measurements at each temperature it gives 120 min between the 
first measurements for each temperature. Interestingly the catalyst reactivates at higher temperature 
of 700-800°C as also shown in Fig. 15. For the reactivation there is also a time dependency, where 
it takes hours if not days for full reactivation. At present three theories will be proposed to explain 
the observed phenomenon. 
 
• Metal support interaction 
• Carbon deposition 
• Poisoning 
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There is neither direct evidence for either of the theories, but indications towards that metal support 
interactions form the strongest arguments for the explanation of the observed deactivation.  
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Figure 15. Sketch of the deactivation phenomenon based on experimental observations. Temperature increase from 500 
to 800°C and reverse down in temperature. Deactivation in medium temperature range (600-650°C) with increasing 
temperatures, reactivation at higher temperatures >700°C. No deactivation on the return path. 
 
The phenomenon has been observed for the following catalysts: Rh/ZrO2, Rh/MgAl2O4, Ru/ZrO2, 
Ru/Al2O3, Ru/MgAl2O4 and Ir/MgAl2O4. So the phenomenon is not limited to either a specific 
metal or a specific support. The phenomenon can be regarded as a general issue. The deactivation 
gives a lot of constrains for kinetic measurements of the steam reforming reaction. It can be very 
difficult to achieve stabile activities in the medium temperature range of 550-700°C and it is 
difficult to replicate experiments. It is possible to obtain stable activities after the first temperature 
cycle given by Fig. 15, where the catalyst remains stable in most circumstances. The temperature 
can be cycled up and down in temperature with expected activities. So it is possible to obtain a 
stable catalyst for measuring intrinsic or near intrinsic activity by applying this deactivation and 
reactivation cycle. 
 
3.3.1. Results 
Here is presented the obtained results demonstrating the steps for achieving stable activities. The 
results will be shown with rates as a function of temperature. This rate is determined by assuming a 
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simple first order kinetics and then analytically calculate the inlet reaction rate. This does not 
include any kinetic effect except the first order in methane partial pressure, but due to the large 
difference in activity this will be an acceptable way of presentation. The second cycle will also be 
shown in some instances, where it can be seen that the catalyst is usually stable after the first 
temperature cycle. In Fig. 16 is seen the first experimental results obtained by cycling the 
temperature. If the 8 mg 5%Rh/MgAl2O4 experiment is followed, then it starts deactivating at 
550°C and continues deactivating until 650°C. From 750°C the catalyst starts reactivating again. On 
the downward temperature ramp there is no deactivation. The second cycle (grey) then makes an 
increase and decrease in temperature without any significant change in activity. In Fig. 16 it is seen 
that the effect of changing the amount of rhodium catalyst for similar flow conditions. The 
deactivation starts at a higher temperature for a larger catalyst amount, so likely the conversion have 
an influence on the deactivation.  
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Figure 16. Deactivation experiments for rhodium catalysts for different catalyst amounts (8 and 100 mg). Inlet feed is 2 
Nl/h CH4 and 8 Nl/h H2O apart from at 450-550°C where 0.8 Nl/h H2 was added. 
 
For low temperature kinetic studies it can be necessary to have a high catalyst amount, as it is 
necessary to achieve a higher activity than the low 2.cycle activity (light red) observed in Fig. 16. In 
the experiments in Fig. 17, the holding time at 800°C is altered significantly and three time length 
of 2 and 77 hours are used. It is evident that longer holding times yield a higher final activity. It 
would more likely be expected that long holding times at these conditions would cause sintering 
hence having the reverse final activities. This is not observed, so time is important for the full 
rearrangement of the support material.  
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Figure 17. Deactivation of ruthenium catalysts as a function of holding time at 800°C. Inlet feed is 2 Nl/h CH4 and 8 
Nl/h H2O apart from at 450-550°C where 0.8 Nl/h H2 was added. 
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Figure 18. Deactivation for rhodium catalysts as a function of the dilution. Inlet feed is 2 Nl/h CH4 and 8 Nl/h H2O 
apart from at 450-550°C where 0.8 Nl/h H2 was added. 
 
The effect of diluting the catalyst is shown in Fig. 18, where the catalyst sample have been diluted 
by a factor of 100. There is still the same amount of catalyst in the sample. The catalyst have been 
crushed to grains (<45µm) and retabletted mixed with inert. This results in effectively having 
smaller catalyst grains but similar size pellets, catalyst amount, and increases the deactivation 
phenomenon substantially. The main effect of this dilution is on the gas mixture near the catalyst, 
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where the diluted catalyst experience more inlet gas conditions, whereas the undiluted catalytic 
material observed a more equilibrated gas mixture. So the deactivation is faster in inlet gas than in 
more equilibrated gas. The highly diluted sample also slightly deactivates in the second temperature 
cycle, so it is more difficult to keep the small grains with a stable activity even after one 
temperature cycle. There has likely not been a full rearrangement of the support at the high 
temperature, which is necessary for obtaining a stable catalytic activity. 
Overall, the steam reforming catalysts will have a stable activity if they are exposed to a 
temperature of 800°C for at least 75 hours in a H2O/CH4 gas mixture for ruthenium. For other noble 
metals it has been found that similar long time periods are necessary for full reactivation. The 
deactivation, reactivation and stable activity conclusions are valid for this specific methane steam 
reforming system. 
 
3.3.2. Discussion 
There is no conclusive evidence on the origin of the observed deactivation. To add to the 
complexity then similar observations have been done on a different reactor system with the same 
results, so it is not linked to this specific reactor system. Neither has it direct link with gas 
impurities as gases have been changed during the experimental period. As given in the introduction; 
poisoning, carbon deposition and metal-support interactions are possible explanations.  
If poisoning is considered at first then it could be sulphur, alkali metals or oil residue from sources 
such as the support, inlet gases or the reactor system. This explanation is in agreement with the 
observations that it is only present in the first cycle and not for the second. But the observation that 
catalyst grain size makes a difference makes it difficult to imagine that a poison should be 
dependent on the diffusion in the catalyst pellet to this degree.  
Carbon formation could origin from methane or other carbon containing species, e.g. CO. As the 
severity seems to increase in inlet gas conditions rather than equilibrated gas conditions then 
methane could be the cause of the deactivation. Though the observation that it is only present in the 
first cycle and not in the second cycle is at first not coherent with the methane decomposition 
reaction. Studies by Beretta et al. [44,45] on Rh/Al2O3 catalysts for CPO activity shows strong 
deactivation around 500-600°C for the first runs, especially dominant for the first two runs out of a 
total of eight runs. The sample then reactivates and becomes stable at a high activity. This 
observation is only valid for the wet impregnation with Rh(NO3)3, whereas Rh4(CO)12 impregnation 
in n-hexane of Al2O3 renders no deactivation phenomenon. So the impregnation is clearly a factor 
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for their phenomenon. It is proposed that a fast build-up of carbon occurs due to CO dissociation. 
The carbon build-up is supported by CO2 formation in subsequent TPO analysis. It is proposed that 
in the subsequent runs the rhodium surface is modified and the number of low-coordinated sites is 
reduced, which will reduce the CO dissociation rate. This could also be the case for methane 
decomposition, but it does not explain the absence of deactivation for the second cycle, as all low-
coordinated sites should disappear.  
 
At present the best explanation for understanding the phenomenon is metal-support interaction. 
There have previously been conducted extensive studies of the strong metal-support interaction 
(SMSI) [46]. The metal-support interaction is in this case likely not due to reduction of the surface, 
hence hydrogen provided no extra deactivation and the inlet gas (CH4/H2O) has an increasing effect 
on the deactivation rate. Instead of surface reduction phenomenon, it is more likely that the 
rearrangement of the support and/or the metal is the reason for this phenomenon.  
Studies of similar systems have shown rearrangement of support due to the temperature and gas 
effects. Chen et al. [47] studied Rh supported on Al2O3 on a Mo(110) surface using EELS of 
absorbed CO, CO TPD and Auger spectroscopy of the system before and after heating to 827°C in 
vacuum. They found that Rh lost the ability to adsorb CO after this treatment, but the Rh Auger 
signal is still present indicating that Rh is still present near the surface. The gas did not play a role, 
but some short length rearrangement has apparently occurred. Bernal et al. [48] have studied 
Rh/Y2O3 catalyst by SEM showing that the impregnation have a significant influence on the support 
morphology. It changes from crystalline structure to an amorphous structure by impregnation with 
an aqueous solution of Rh(NO3)3. Wong and McCabe [49] studied Rh/Al2O3 catalysts by high 
temperature oxidation (HTO, 5%O2, 800°C), reduction (HTR, 5%H2, 800°C) and re-oxidation (RO, 
5%O2, 500°C) for the influence on H2 chemisorption and CO oxidation activity and they studied the 
samples using ETEM and IR. The HTO treatment resulted in low H2 chemisorption, low CO 
oxidation and low IR CO adsorption band intensity. These observations were best explained by 
subsurface diffusion of Rh, though other explanations were possible. Subsequent HTR treatment 
results in more rhodium being visible and finally the RO produces nearly all the rhodium from the 
fresh sample. Whether a re-dispersion is taking place or another mechanism, it is clear that there is 
strong interaction between the support and the Rh. 
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Based on the results compiled a simple model for the deactivation and reactivation phenomenon is 
proposed in Fig. 19. In the model the metal particle is adhering to the surface. In the first heat 
treatment at 500-600°C there occurs some interference between the metal particle and the support. 
This can cause a full deactivation phenomenon as sketched and the activity is recovered by a high 
temperature treatment uncovering the metal particle. 
 
Figure 19. Proposed deactivation sequence, where there are two stable forms of support material. The second one is 
formed through a heat treatment that deactivates the catalytic activity. 
 
In the second cycle there is not observed significant deactivation and it is possible that there exist 
different configurations of supports. It is proposed that an amorphous support is present initially, 
probably due to the impregnation by strongly acidic noble metal solutions. Energetically, surface 
oxides have an energy in the order of 0.5 J/m2 equivalent to about 20 kJ/mol, while surface energies 
of metals are of the order of 2 J/m2 corresponding to 80 kJ/mol. To cover the surface as sketched in 
Fig. 19 it is necessary to move support surface group, like –OZrOH from the support to the metal 
surface. This will cost approximately 20 kJ/mol if it is replaced by a –OH group on the ZrO2 
surface. It is then assumed that the binding energy of the –OZrOH is equivalent to an –OH group on 
the metal. Binding –OH groups on noble metal steps as in Eq. 43 have been calculated to be -61, -
34 and -26 kJ/mol for Ru, Ir and Rh respectively [26]. 
 
2 2
1
2step step
H O Me Me OH H+ − +⇌      (43) 
By an overall combination it is an exothermic reaction. It is possible to cover the metal surface by 
oxide as the entropy change will likely be negative as well, due to a more disordered system. So it is 
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necessary to have sufficient oxidizing conditions to form –OH groups on the oxide, but not too 
oxidizing conditions that the metal will oxidize. This can be fulfilled by the steam reforming gas 
mixture. Some kinetic energy is necessary for the support to start moving, which will be dependent 
on the exact support and the gas mixture. At the applied conditions this is observed to be 550-
650°C. There is a competing reaction of methane dissociation taking place as well. At this 
intermediate temperature the conditions favours the deactivation kinetics. At higher temperatures 
the methane dissociation will start taking place at some of the free terrace sites. Products will start 
forming and carbon containing species such as CO have a high binding energy to the low-
coordinated sites. It can be speculated that this will eventually force the support of the metal 
particle. The final state of the support has to be different than the original. The strong rearrangement 
that has taken place from an amorphous structure to a crystalline structure, will give a more stable 
support structure that is not as prone to rearrangement. 
This model is highly speculative and these overall considerations do not take strain in the oxide 
layer over the metal or in the metal into account. The energy difference between the bond strengths 
of Mestep-OH and Mestep-OZrOH and the additional surface energy of small noble metal particles. 
However even though these issues have not been taken into considerations the experiments show 
that the trends are generally valid for a wide rage of metals and supports.  
3.4. Summary 
Characterization of the catalysts is important as it is necessary to understand the activity at 
relatively precise range. The sulphur characterization is a good way to relatively simple analyse 
multiple samples and the obtained results proves to be in line with previous reported data. For full 
utilisation of this results, more comparison with other techniques such as H2 chemisorption and 
TEM is necessary. The catalyst activity in terms of stability have been addressed, where a 
description of the obtained method for stabilisation is presented. Furthermore, it is possible to 
explain the stable catalyst activity by the proposed metal-support interaction mechanism. 
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4. Sintering – promoted catalysts 
Sintering or the growth of the supported metal particles results in loss of active surface area and is 
of great importance for high temperature catalysts. A significant part of the loss in activity for 
catalytic systems arises from sintering and therefore understanding the mechanism is essential in 
trying to minimize this issue. Generally there have been proposed two mechanisms to describe the 
sintering process 
 
 Ostwald ripening 
o Atoms can self-detach from metal particles, and then diffuse on a support surface 
until they reach another metal particle, where they can attach again. It is assumed 
that the metal particles are stationary in the process. There will be a driving force for 
atoms migrating from smaller crystallites to larger crystallites, due to the higher 
vapour pressure for smaller particles.  
 Particle migration and coalescence 
o This mechanism describes the migration of entire particles and the metal particles on 
the support surface due to metal surface atom mobility. The atom movement is due 
to instability of the metal atoms on the surface of metal particles. The atoms diffuse 
on the metal surface, effectively causing a movement of the metal particles, when 
enough particles have moved to one side of the metal particle. Eventually the 
particles will collide and coalescence. 
  
These two sintering routes are generally used to describe the sintering process. At higher 
temperatures it would also be possible to have atom evaporation followed by gas diffusion and re-
adsorption on other different locations on the support.  
The atmosphere around the particles has a significant influence on the sintering process, since it is 
changing the chemical potential of the surface. Since sintering is usually an irreversible process, it 
is more easily prevented than reversed. Though there have been reports of re-dispersion for both 
platinum and rhodium metal particles through oxidation and re-reduction procedures [50,51,52,53].  
 
The principal factors influencing the sintering process are temperature, atmosphere, metal type, 
metal dispersion, support and support surface area. Sintering rates are exponentially dependent on 
the temperature, since the surface diffusion of atoms is determining the sintering process. For 
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metals relevant for the steam reforming reaction, experiments in different types of atmospheres 
have been carried out. In H2, the sintering rate generally increases with decreasing metal melting 
temperature, Ru > Ir > Rh > Pt > Ni, where as in an oxygen atmosphere the order is Rh > Pt > Ir > 
Ru due to oxide formation [42]. Hence the atmosphere will have a significant influence on the 
sintering rate.  
Generally metal-support interactions are weak in comparison with metal-metal interactions, but 
some supports have significant influence on the thermal stability. Furthermore, sintering rates are 
lower on highly porous supports compared to non-porous supports, both due to pore dimensions, 
defects and surface area. The most important sintering factor for heterogeneous catalysts is the 
geometrical hindrance caused by the support structure. A large surface area of a support constitutes 
the biggest geometrical hindrance for sintering. Support rearrangement is therefore an important 
aspect for the sintering process. Trying to include all these parameters in one simple model is not 
directly possible. But it can be attempted to combine all these factors into empirical models. 
A sintering model for Ni steam reforming catalysts has been proposed by Sehested et al. 
[54,55,56,57]. The study has been conducted on Al2O3 and MgAl2O4 supports and the determining 
parameters are time, temperature and PH2O/PH2 ratio. It is suggested that Ni2-OH complexes are the 
major transport species on the metal surface in a H2O/H2 atmosphere enhancing the particle 
migration and coalescence rate, which is the predominant mechanism at low temperatures 
(<600°C). At higher temperatures (>600°C) the Ostwald ripening mechanism is favoured via atom 
migration on the support. The equation that describes the model is given by Eq. 44.  
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Where dNi is the Ni average diameter, dNi,0 is the initial Ni average diameter, a is a temperature-
independent pre-exponential factor, Ea is the activation energy of the sintering process, m denotes 
the effect of the atmosphere on the sintering rate and n is the time-dependence in terms of a number 
related to the type of sintering mechanism. The time-dependence, n, was found to change from 8.6 
at low temperature to approximately 4 at high temperature, indicating a shift from particle migration 
and coalescence at low temperature to Ostwald ripening at higher temperature [57].  
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When reviewing the parameters that are possible to change, the temperature and atmosphere is 
usually set by the actual process. The support is a key parameter for reducing sintering, by having a 
high surface area support for sintering reduction. This can be done by geometrical hindrance by 
either changing support or support preparation method. Additives could also be used for extra 
geometrical hindrance. Fe have been observed to suppress Cu sintering on a water gas shift catalyst 
[58]. Generally the methods for reducing sintering are often system specific. There exists few 
general methods to reduce sintering; hence the specific experiment usually sets the necessary 
operating conditions.  
The main goal in dealing with sintering is to have well-dispersed metal particles, which must be 
taken as a prerequisite for further discussion in this section. In the next section a possible method of 
reducing the sintering for steam reforming catalysts operating at steam reforming conditions is 
proposed. 
 
4.1.1. Promoted catalysts 
A general approach is to consider limiting the diffusion of metal atoms with regards to atom surface 
diffusion on the metal particle and atoms leaving the particle to start diffusing on the oxide support. 
This is the starting points for the sintering mechanisms and could be obtained by alloying an active 
host metal with a high surface energy element. The surface energy of this new element (promoter 
atom) should be relatively high compared to a host atom located at the same position. The high 
surface energy element (promoter) should be located in the bulk of the host metal particle as 
sketched in Fig. 20. When the metal atoms starts diffusing at high temperatures the host metal 
atoms can move freely among other host metal atoms, but it is not energetically favourable for a 
promoter atom to be exposed at the surface due to the high surface energy. Consequently reducing 
the mobility of the alloyed particle, since it is controlled by detachment of surface atoms should 
diminish the sintering process. There will be no changes in the understanding of which metals are 
active for the steam reforming reaction, so Ru, Rh, Pt and Ir will be experimentally tested to 
investigate this theory. This is not regarded as a surface alloy phenomenon for increased activity, 
just increased long-term stability due to reduced sintering. This model is controlled by a series of 
factors that determines whether an element is a good promoter for a catalytic active metal in the 
steam reforming process. Some of the considerations needed for promoted catalysts are given by 
 
• Segregation energy 
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• Surface energy 
• Phase diagram / alloy 
• Heat of formation 
• Oxidation potential 
• Atom size mismatch 
 
The promoter atom should have positive segregation energy in the alloy, hence staying in the bulk 
and preventing sintering. It should alloy with the host metal, so it forms a mixed particle and not be 
significantly influenced by reactants (H2O, CO, CO2, H2) at relevant reaction conditions. For steam 
reforming, a significant factor is the possible oxidation.  
 
Figure 20. Promotion effect: An active host material (red), such as Ru, Rh, Pt or Ir, with a promoter (blue). Atoms will 
not diffuse as in pathway A, since the promoter have a higher surface energy than possible for the diffused atom. 
Pathway B will occur, but eventually pathway A needs to occur for actual sintering. 
 
4.1.2. Thermodynamics for surfaces  
First some general thermodynamics for surfaces are considered. The thermodynamic properties of a 
surface is defined as the excess of the bulk thermodynamics, due to the presence of the surface 
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surrounding the condensed phase [59]. The total free energy of a system G can be expressed by Eq. 
45.  
 
G = NG° + αGs       (45) 
 
Where G° and Gs are the free energy per atom and per unit area of surface respectively, N is the 
total number of atoms in the solid and α is the surface area. To increase the surface area or expose 
new bulk atoms in the surface, it is necessary to move an atom from bulk and at the same time 
move a surface atom along the surface to accommodate the new surface atoms. The reversible work 
δWs that is required to increase the surface area under constant temperature T and pressure P is 
given by Eq. 46. 
 
,
s
T PW dδ γ α= ⋅       (46) 
 
Where γ is the surface tension. In a bulk fcc metal, each atom have 12 nearest-neighbour atoms. For 
the fcc(111) closed packed surface, there is 3 missing bonds at the surface, so if a bulk atom should 
evaporate, then it would be necessarily have 12 broken bonds, whereas it only takes 3 broken bonds 
to create a new surface atom 
 
3 0.25
12m subl subl
a H Hγ γ= ≈ ∆ = ∆      (47) 
 
Where γm is the molar surface tension. Experimentally, there is established a correlation between the 
heat of sublimation ∆Hsubl and the surface tension γm [60] for a series of metals including Ni and Pt, 
but not including Rh, Ru and Ir, which gives a good understanding for the surface tension of solid 
metals. This correlation is given by Eq. 48. 
 
0.16m sublHγ ≈ ∆       (48) 
  
This correlation does not take into consideration the crystal plane orientations, which will have 
different surface tensions. It only describes the overall surface tension from metal supported 
particles. It is not necessary to evaporate an atom completely to create a new surface. In Eq. 47, the 
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relaxation of a freshly prepared sample in which the atoms will approach an equilibrium surface 
structure is not taking into consideration. This relaxation can lower the surface tension appreciably.  
The surface tension γ can be set equal to the specific surface free energy Gs, hence the creation of 
surface always results in a positive free energy of formation. The surface energy will always be 
minimized by restructuring to the lowest specific surface free energy. This is usually equal to the 
closest packing of the atoms.  
As an overview, the energies for a binary promoter-host system are given in Fig. 21. In this figure 
are shown the sublimation, adsorption, solution and segregation energies for a promoter metal B 
that is dissolved at low concentrations in a host metal A. Due to the equilibrium between the bulk 
and the surface, there will always be some B present at the surface. If B forms a strong bond in the 
bulk, then the surface concentration of B is minimized. The extent of the surface segregation 
depends on the surface structure of A.  
 
Figure 21. Relative energies of sublimation, solution, segregation and adsorption of promoter metal B with a host metal 
A. 
 
If such a promoter-host system is created, then the segregation energy is the energy that is needed 
for promoter to be moved from the bulk phase to the surface of the particle. If the segregation 
energy is negative, then it is favourable for the promoter, to be at the surface of the particle. 
However, if the segregation energy is positive, then it is favourable for the promoter atom to remain 
within the bulk. The segregation energy depends on the concentration in the alloy and the difference 
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in surface energies between the pure elements. For the dilute systems it is possible to calculate the 
segregation energy, either by ab initio methods [61] or tight-binding scheme for transition metals 
[62].  
 
4.1.3. Ideal binary alloy systems – surface segregation 
When considering bulk chemistry, the chemical potential decreases for ideal binary alloy systems as 
compared to the chemical potential of a pure metal. The surface segregation depends on the 
difference in binding energies between two different atoms and two identical atoms. The driving 
force for this surface segregation gives rise to a change in the surface tension of the binary system 
compared to the surface tension of the individual constituents. The relationship between the surface 
mole fractions, s sA Bx and x , and the bulk mole fractions,
b b
A Bx and x , at ideal conditions can be derived 
to [59] 
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Where γA and  γB are the surface tensions of the pure components and a is surface area covered by 
one mole of an individual component, assuming equal surface area for the two components. The 
term, ( )A B aγ γ− , can be considered to be the segregation energy, segrH−∆ , to a first approximation. 
At increasing temperatures the difference between the surface tension becomes less important due 
to entropy effects, hence the surface concentrations will approach bulk concentrations.  If the 
surface tension is not available, then it is possible to correlate the surface tension to the 
thermodynamic property of sublimation energy as in Eq. 48. 
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This equation shows that the metal with the lowest sublimation energy will accumulate at the 
surface in excess to bulk conditions. The surface composition furthermore depends on an 
exponential function, not only in the difference of sublimation energy, but also in the temperature. 
At higher temperatures the bulk and surface concentrations will approach each other.  
 53 
So far, it has been assumed that the bond energy is similar for all bonds, though it is necessary to 
include the enthalpy of mixing in Eq. 50. The surface composition in the regular solution monolayer 
approximation [59] is given by 
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  (51)  
 
Where l is the fraction of nearest neighbours to an atom in the plane, m is the fraction of nearest 
neighbours below the layer containing the atom and Ω is given by 
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Eq. 51 describes the difference in surface concentration by including the enthalpy of mixing, mH∆ . 
The irregularities of solid surfaces especially for particles where steps and kinks are present have 
been included by the values for l and m, the fraction of in-plane and out-of-plane nearest 
neighbours. This also shows that the effect of promoting will be minor for smaller metal particles 
due to the increase in low-coordinated sites. Finally the reduction in strain can be included, since a 
large mismatch in atomic size will create a strain in the lattice. The strain energy is given by Eq. 53 
[60]. 
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Where Ksm is the bulk shear modulus of the promoter, Gsm is the shear modulus of the host metal, 
and rA and rB are the radii for the host metal and promoter, respectively. At the surface there is less 
strain for an atomic mismatch compared to a promoter atom placed in the bulk. In total the 
segregation energy can be given by  
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 54 
 
This includes the difference in surface tension, enthalpy of mixing, coordination number and the 
induced strain. It is possible to make qualitative calculations that show the effect of segregation on 
the surface concentration on the promoter atom. Since metal particles consist of an array of steps 
and kinks it is not possible to make a reasonable quantitative estimation of the effect. 
The surface concentration changes due to the surface tension, mixing energy and the promoter radii 
are given in Fig. 22. Here it is observed that the surface concentration of the host metal A increases 
by increased promoter surface tension, whereas there is minor effects of the mixing energy. Within 
the normal radii then there is not a significant effect, but for large differences between the promoter 
and host metal then the promoter will segregate to lower the strain. 
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Figure 22. Surface concentrations of the host metal A. The promoter effect of surface tension, mixing energy and the 
atom radii is given. The red dot represents the Rh(host)/Ir(promoter) system. 
 
These equations and observations for the promotion effect gives a good description of the effects. 
For more precise results it is necessary to use theoretical methods such as DFT to obtain the desired 
precision. But for a screening study, the considerations done here is sufficient for obtaining a series 
of possible sintering stable catalysts.  
 
4.1.4. Adsorbed inducing restructuring 
The gas atmosphere will also have an influence on the surface energy and hence the distribution of 
promoter atoms; giving an overall effect on the sintering. One key aspect is the possible oxidation, 
especially of promoter atoms. The oxidation potential is low for the steam reforming catalysts at 
relevant conditions, whereas promoter metals such as W, Mo and Re could potentially oxidize and 
reduce the promoting effect. It is therefore necessary to evaluate the oxidation potential of these 
metals. 
Other adsorbate effects could come from CO, H2O, CH4, CO2, H2 or dissociation products of these. 
These adsorbates will to some extend influence the metal-metal bonds, inducing a restructuring 
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phenomenon. For traditional steam reforming nickel catalysts it is known that H2O have an 
enhancing effect on the sintering rate, due to interactions with the metal particles. Estimating these 
effects is difficult and will be very system specific in terms of partial pressure of the gasses, binary 
metal mixture and temperature.  
 
4.1.5. Phase diagrams 
One possible way to evaluate the possible alloying of multiple metals is by phase diagrams that 
describes miscibility of metals. Phase diagrams describe alloy behaviour at a macroscopic level, 
therefore it is questionable if these diagrams provides an accurate description of nano size particles. 
However, in the following it will be assumed that phase diagrams can be used as guidelines as to 
whether two nano size particles are miscible. 
At nano size range, there will generally be a better miscibility of two elements. It has been observed 
that bulk systems which are immiscible, were in specific cases miscible when particle size reaches a 
certain nano scale size [64]. Hence the phase diagrams can be used as a minimum criterion for the 
miscibility. In relation to the phase diagrams, the heat of formation can also be used for evaluating 
the potential mixture of formation. 
 
4.2. Promoted noble metal catalysts 
This chapter describes the actual process of rationally designing promoted noble metal catalysts. 
Four metals have been selected as possible candidates for new catalysts, which is ruthenium, 
rhodium, iridium and platinum, and are all active for the methane steam reforming process. It has 
been shown that Ru and Rh are more active than Ir and Pt catalysts [12], although the relative 
activity were within a few orders of magnitude. Thus, by stabilising a catalyst against sintering, it 
would still be an interesting catalyst if the metals could be promoted in such a way that the activity 
remains high even after long-term sintering.  
If sintering is considered for these metals first, there exist limited systematic surveys of the sintering 
behaviour relative to each other. Studies show that in a reducing environment the ranking of the 
thermal stabilities of the four metals are Ru > Ir > Rh > Pt [42]. As described earlier there is a series 
of factors determining the sintering process including atmosphere and temperature as some of the 
most predominant factors. At first, it is possible to look at the melting temperatures of the metals as 
given in table 6 and it is seen that the noble metals have a higher melting point than a traditional 
nickel catalyst, which give more stability against sintering. 
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Table 6. The melting temperature [65] and surface tension [66] of a series of metals. 
Metal Rh Ru Pt Ir Mo Re W Ni 
Melting 
temperature 
1964°C 2034°C 1768°C 2446°C 2623°C 3185°C 3422°C 1455°C 
Surface 
tension [J/m2] 
2.70 3.05 2.48 3.00 3.00 3.60 3.68 2.450 
 
An extra factor to be taken into consideration is the possible compounds formed under various gas 
conditions experienced during both stable operation and start-up procedures. A well known 
phenomena is the higher mobility of RuO4 [42], compared to metallic Ru particles. The oxide can 
be formed during oxidizing conditions in the atmosphere at elevated temperatures. Another 
atmosphere induced issue is the formation of carbonyls. Nickel carbonyls are known to form at low 
temperatures (200-400°C) and CO partial pressures, but also Ru have been observed to form 
carbonyls [67]. The specific knowledge of the gas atmosphere influence is limited by the full 
understanding of the sintering process for these noble metals. Overall even noble metals with high 
melting temperatures and low metal loading on a high surface area oxide support will eventually 
sinter. So the challenge will be to reduce the level of sintering as much as possible.  
 
4.2.1. Promoters 
For each of the four noble metals (Ru, Rh, Ir and Pt) it is possible to review the segregation for 
possible promoters. It is essential that the promoter and host metal will not segregate; hence the 
segregation energy should be positive. The evaluation is done on the basis of the work by Ruban et 
al. [61]. Here the segregation energies are estimated by single impurities at close packed surfaces 
using DFT calculations at vacuum and 0 K conditions. Table 7 provide an overview of the possible 
configurations for promoted catalyst following the database of segregations energies, where the 
criteria is set at Eseg > -0.05. It is assumed that by choosing this level of segregation energy all 
possible promoters are included.  
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Table 7. List of possible promoters for the noble metals, based on calculated segregation energies [61]. 
Host metal Possible promoter 
Ru V, Cr, Mo, Tc, W, Re, Os 
Rh Ti, V, Cr, Fe, Co, Nb, Mo, Tc, Ru, Ta, W, Re, Os, Ir 
Ir Ti, V, Cr, Fe, Co, Ni, Nb, Mo, Tc, Ru, Ta, W, Re, Os 
Pt Ti, V, Cr, Fe, Co, Ni, Cu, Zr, Nb, Mo, Tc, Ru, Rh, Pd, Hf, Ta, W, Re, Os, Ir 
 
There is obviously a significant uncertainty associated with this method of selecting potential 
promoters. The promoter should be present at a reasonable low amount in order not to influence the 
activity of the catalyst, but also high enough amounts to make an impact on the metal particle. An 
essential issue for the promoters is the possibility of oxidation. The mixture used in the process will 
mainly consist of methane and steam, with a low partial pressure of hydrogen at the inlet. The 
oxidation potential can be estimated as 
 
2 2A BB H O A Me Me O B H+ +⇌      (55) 
  
 
Typically, steam will be the predominant source of oxidation of the promoter. So the ratio for 
oxidation of the promoter can be estimated by Eq. 56. 
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The hydrogen concentration is the lowest at the inlet of the reactor. When the reaction progresses 
the ratio increase and the oxidation potential is reduced. The gas ratio can be converted into an 
oxidation potential, taking the most stable metal oxide into consideration. The limit for the 
oxidation have been set at 25oxG kJ mol∆ ≥ −  at 500°C to give a certain margin. This limit is 
equivalent of a 
2 2H H O
P P  ratio of 1/50. Formation and segregation energies have not been taken into 
consideration. This margin of oxidation is set to include all relevant elements and not exclude pre-
emptively. The value does not equal zero since oxidation still has to overcome the segregation 
energy barrier and the oxidation potential has to be sufficiently high for pulling the promoter atoms 
out of the metal particle. The oxidation potential has not increased since the promoter will be 
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present as an oxide before reduction and it should be possible to reduce the promoter for 
incorporation in the metal particle. Below is seen a separation of the elements prone to oxidation 
and those that are not 
 
Y, Sc, La, Zr, Hf, Ti, Ta, Mn, Nb, V, Cr < -25 kJ/mol < Mo, Os, W, Fe, Co, Ni, Re, Ru, Cu, Rh, Ir, Pd, Pt  (57) 
 
At this point before considering heat of formation and alloying, a few of the suggested promoter 
elements given by the right hand side of Eq. 57 have the possibility of forming carbon at the 
relevant reaction conditions. The carbon formation is the essential critical issue for choosing the 
noble metals as catalytic active material. The carbon can act in the same way as oxidation, 
effectively pulling some of the promoter elements out of the metal particles. This is a critical issue 
and the reason that noble metals have been chosen. Thus, Ni, Co and Fe are therefore excluded as 
they are known to form carbon at the relevant conditions of low steam/carbon ratio [68]. As this is a 
critical issue, it is the reason why noble metals have been chosen. Another element that is excluded 
is osmium due to formation of the highly volatile OsO4 which is a poisonous compound. In table 8 a 
summary of possibilities for promoted catalysts is presented. 
 
Table 8. List of possible promoters for the noble metals, based on calculated segregation energies [61]. 
Host metal Possible promoter 
Ru Mo, W, Re 
Rh Mo, Ru, W, Re, Ir 
Ir Mo, Ru, W, Re, Ir 
Pt Mo, Ru, Rh, Pd, W, Re, Ir 
 
 
4.2.2. Stability and alloying 
To estimate the stability of the promoted catalysts, the predicted enthalpies are shown in table 9 for 
alloy formation of the possible promoted catalysts. Entropic effects are not included in these 
calculations, but would have yielded higher formation energies. The values are based on a 1:1 
mixture, significantly different than a promoted catalyst, where there would a be significant surplus 
of the active host metal. Due to limited available data of diluted alloy systems, these values are 
given as even mixtures, although an evaluation done on data for diluted mixture would correspond 
better. 
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Table 9. Predicted enthalpy of formation ( forH∆ ) for binary alloy (1:1) formation in kJ/mol [66]. 
         Promoter 
Host 
Mo Ru Rh Pd W Re Ir 
Ru -22    -15 -1  
Rh -23 2   -14 1 1 
Ir -32 -1   -23 -5  
Pt -42 -2 -2 3 -30 -7 1 
 
It is still believed that there is a reasonable correlation between the equal mixture and a more 
diluted mixture. Furthermore these energies are included in the phase diagrams for the alloys. These 
data are presented in table 10 and generally supports the stability information obtained from the 
formation energy data.  
 
Table 10. Extract from phase diagrams of bulk mixtures [69]. 
          Promoter 
Host 
Mo Ru Rh Pd W Re Ir 
Ru Solid solution 
at <35% Mo, 
∆Hsolution<0 
   Solid solution 
at <30% W 
Solid solution 
at all Re 
concentrations 
 
Rh Solid solution 
at <10% Mo 
Solid solution 
at <35% Ru 
  Solid solution 
at <15% W 
Solid solution 
at <10% Re 
Solid solution 
at <20% Ir, 
∆Hsolution<0 
Ir Solid solution 
at <22% Mo 
Solid solution 
at <38% Ru 
  Solid solution 
at <5% (high 
certainty) 
Solid solution 
at <20% Re 
 
Pt Solid solution 
at <20% Mo 
Solid solution 
at <62% Ru 
Solid solution 
at <10%Rh 
Solid solution 
at all Pd 
concentrations 
Solid solution 
at <33% W 
Solid solution 
at <20% 
Re(high 
certainty) 
Solid solution 
at <5% Ir  
 
When combining these two datasets it is seen that it is possible to alloy most of the promoted 
catalysts proposed in table 9 and based on this screening study it is suggested to experimentally test 
these promising promoted catalysts.  
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4.3. Experimental 
Based on the theoretical considerations, there are made a series of promoted catalysts. In table 11 an 
overview of the promoted catalysts which have been made for testing of the stability with respect to 
sintering is shown. 
 
Table 11. Overview of the catalysts tested for sintering stability. A total of 36 catalysts have been produced, including 
two promoter concentrations and pure reference samples. 
             Promoter 
Host 
Mo Ru Rh W Re Ir Pt 
Ru ■   ■ ■   
Rh ■ ■  ■ ■ ■  
Ir ■ ■  ■ ■   
Pt ■ ■  ■ ■   
 
The support material is a standard MgAl2O4 (45 m2/g). It is possible to achieve higher surface area 
of the support, but here it was favoured to have a relative stable oxide support. Hence it was 
calcined at 1050°C for 4 hours to reduce the surface area to 45 m2/g. The support were then crushed 
and fractionized to a range of 2-2.8 mm.  
To ensure a thorough investigation of the promoter effects, both 3 and 7 mol% of the promoter 
relative to the host metal is chosen for the test. The metal weight percentage of active metal is 4 
wt% after reduction. The total weight percentage is slightly above 4 wt%. In appendix C the list of 
chemicals used in preparation of the catalysts is shown. A part of each sample have been exposed to 
sintering conditions of 830°C in a H2O/H2 (1:1 mixture) for 225 h at 30 bar pressure. This 
procedure ensures the sintering at a fairly high rate, enabling a measurable effect. 
The activity measurements have been performed in reactor system 1. The system is a parallel 
screening unit with 10 reactors. The gases are mixed and distributed evenly through the reactors, by 
having an alumina powder resistance. The reactors consist of steel tubes (2.6 mm inner diameter) 
and samples (2-80 mg, 125-300 µm) are placed on top of quartz wool. To ensure consistent 
operating conditions, the samples are diluted up to 80 mg in total with inert high surface area 
MgAl2O4 as there a large difference in intrinsic activities between the metals. A thermocouple is 
place above the catalytic bed. The screening study of the catalysts was preformed in the range 350-
500°C and with H2O/CH4 ratio of 0.6-2. The gas mixture was diluted with nitrogen (55-85% N2) to 
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optimise the experimental conditions and measurement accuracy. Chemical compositions were 
measured with an Agilent 3000 micro gas chromatograph with nitrogen as internal standard. 
 
4.3.1. Results 
The main output of the results is the relative activity of the promoted catalysts. Each noble metal 
have been prepared both with and without promoters, hence it is possible to compare the level of 
sintering for a promoted sample compared to a pure metal. The methane steam reforming activity 
was decreased by a factor of 2-4 due to the sintering as seen in Fig. 23, hence there is a clear effect 
of the sintering process. It is seen that there is clear activity difference between the metals, with an 
order of Ru > Rh > Ir > Pt. Furthermore, it should be noted that the sintering order decreases as 
follows Rh > Ir > Pt > Ru.  
 
 
Figure 23. The start and sintered activities of the pure noble metal catalysts. The catalysts have decreased in activity by 
factors of Ru (1.7), Rh (4.1), Ir (3.1) and Pt (2.5) in a 30 bar and H2O/H2~1 atmosphere for 225 h. Overall rate constants 
at 450°C in a gas mixture of 6.3%CH4, 8.9% H2O, 84.8%N2 at 1 bar total pressure. 
 
During preparation of a sample, there will be variance in the actual impregnation of the oxide 
support due to different in the liquid solutions, giving a different distribution and size range of the 
active metal particles. This difference will be evident in the following data when comparing start 
activities. The main comparison is therefore a combination of absolute activity and the relative 
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sintering of the catalysts. The relative sintering is the main parameter and shown by a line on the 
graphs in the following sections.  
 
First the activities of promoted iridium catalysts in Fig. 24 is shown. The iridium catalyst have been 
promoted with Re, Mo, W and Ru. There is a fair scattering in the start activities of the iridium 
catalysts, though the line can be used to distinguish between the experiments. Below the line is a 
higher degree of sintering than the pure sample (none promoted). The Ru promoter catalysts should 
obviously be handled with caution since Ru by itself is very active for catalysing the methane steam 
reforming reaction. Otherwise it is seen that especially 7%Re seems to have a significant effect on 
the stability of the catalysts. This Re promoted catalyst has been reproduced with the same long 
term stability. In absolute activities then the 3%W is also a promising catalyst, since it has a high 
sintered activity. Otherwise there is a limited effect of the remaining promoters and the effects must 
be considered within the experimental uncertainty. 
 
Figure 24.  Promoted iridium catalysts, tested at 450°C and H2O/CH4 ~ 0.75. 
 
Platinum is the least active element for methane steam reforming of the four tested catalytic 
materials. In Fig. 25 is seen the effect of the promoters (Ru, Re, Mo and W) used for enhancing the 
stability of platinum catalysts. Again it is noted that there is an effect of using Ru as a promoter, 
though it is most likely that it is the activity of Ru itself that is responsible for the better activity 
after sintering. There also seems to be an effect of Re as a promoter, stabilising both with 3 and 7% 
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Re. The remaining promoters (W and Mo) seem to have a negligible influence on the stability of 
platinum catalysts.  
 
 
Figure 25. Promoted platinum catalysts, tested at 500°C and H2O/CH4 ~ 0.75 
 
Rhodium is the second in the ranking of active catalytic metals for the reaction. In Fig. 26 the 
promoted rhodium catalysts, with the Re, W, Mo, Ir and Ru promoters is shown. It is noted that the 
Re (7%) promoted rhodium catalyst has retained a high activity after sintering, though the activity is 
not higher than the pure Rh sample. This is likely due to influence of rhenium on the start activity. 
Hence it is not believed that there is a promoting effect in enhancing the stability of this catalyst. 
The Ru-promoted catalysts have again this extra added activity that is due to the activity of Ru. Mo-
promoted catalyst have a high start activity and retains the activity relative to the non-promoted Rh 
sample, so there is possibly an effect of Mo on the obtained high activity after sintering. The 
remaining catalysts show no significant enhanced stability.  
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Figure 26. Promoted rhodium catalyst. Tested at 450°C and H2O/CH4 ~ 2. 
 
The most active pure metals is ruthenium. As seen in Fig. 27, ruthenium has been promoted with 3 
different metals (Mo, W and Re). The non-promoted catalyst show the highest activities, both start 
and sintered. A small amount of Re and W seem to have minor stabilising effect on the ruthenium 
based catalysts, unfortunately this trend could not be reproduced at the same level (data not shown) 
and this effect seems to very limited. A Mo-promoted Ru catalyst appears to have a significant 
deactivation during sintering. In appendix C the absolute segregation energies is given, where it is 
seen that Mo have minimal segregation energy in a Mo-Ru alloy. This could explain the 
deactivation effect which is observed here.  
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Figure 27. Promoted ruthenium catalysts. Tested at 450°C and H2O/CH4 ~0.75. 
 
4.4. Summary 
The previous sections have provided an overview of the results obtained for a range of  promoted 
noble metal catalysts. The effect should be a higher activity after sintering for the promoted 
catalysts relative to non-promoted catalysts. Based on the theoretical considerations, the promoters 
should have a large surface energy compared to the active noble metals and following the concepts 
of segregating, low oxidation potential and alloying. These criteria have been followed in deciding 
which catalysts should be experimentally tested. A group of 4 pure catalysts and 16 promoted 
catalysts have been estimated to fulfil these criteria. The experimental and calculation errors have 
been included for a good margin for each of these criteria. 
Even though it is theoretically possible to make these promoted catalysts, then there is an unknown 
interplay between the parameters in estimating the actual properties of these catalytic nanoparticles. 
Especially the thermodynamic properties of nanoparticles are a topic of uncertainty and the possible 
extension of bulk material thermodynamic properties. 
So the concepts have been experimentally tested and especially Re seems to have some promoting 
effect on the stability of the noble metal catalysts. A slight effect is seen on Ru and Pt catalysts, 
whereas a more significant effect is seen with regards to the Ir based catalysts. The other promoters 
(W, Mo, Ir, and Ru) have negligible or deactivating effects on the long term stability of the noble 
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catalysts. Based on this study it is noted that ruthenium is the most active catalyst and could not 
have enhanced long term activity. The effects observed for all the metals are not substantially large 
enough to continue with further studies. It is still believed that the procedure is feasible and may 
have better compliance with other catalyst systems. 
The catalyst have not been characterized to obtain exact turn-over frequency rates, but merely on  a 
weight basis. So the absolute difference in activity between the metals should be take with some 
caution as will be shown by the following chapter. 
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5. Steam reforming catalysts activity 
The methane steam reforming activity is traditionally performed over nickel based catalysts, but the 
use of noble metal catalysts requires a better understanding of the absolute activity and the kinetics 
for these metals. This is due to the economical aspect of using noble metal catalyst, which requires 
that almost every metal atom is active for conversion of methane. Hence understanding the precise 
activity in absolute and relative terms is essential. In this section the focus will be on the absolute 
activity of the various metals for the methane steam reforming reaction. In the following sections 
the focus will be on the kinetics of some of these noble metals. One of the first studies of ranking 
within steam reforming activity was done by Kikuchi et al. [70], where they measured the relative 
order in activity at atmospheric conditions and 350-600°C and observed the following order 
 
Rh~Ru > Ni > lr > Pd ~ Pt >> Co, Fe.    
 
Kikuchi et al. [70] proposed that the kinetics should depend on methane and steam as 
5.0
2
0
4 )()( OHCH PPkr = , arguing that there should be no methane dependency on the rate. Even 
though this kinetics is most likely not correct, later studies have confirmed the activity trend 
reported by Kikuchi et al. Rostrup-Nielsen and Hansen [9] made similar studies at 550°C and 
atmospheric conditions of the methane steam reforming activity. They reported the relative 
activities to be 
 
Ru~ Rh > Ir > Ni > Pt~Pd. 
 
Studies by Qin et al. [71] performed similar experiments as Rostrup-Nielsen et al. [72] with noble 
metals on a MgO support at a temperature range of 600-800°C and atmospheric pressure and found 
an almost identical activity relationship for the noble metal catalysts as the two previous mentioned 
studies  
 
Ru > Rh > Ir > Pt > Pd.  
 
The above-mentioned studies seem to point to a general trend for the order of reactivity among the 
noble metals. Of the pure metal catalysts Ru and Rh are the most active, Ni and Ir are intermediate 
and Pd and Pt are less active. However, a series of thorough kinetic studies on Pt, Ir, Rh, Ru and Ni 
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catalyst by Wei and Iglesia [73,13,14,15,16,17,18] showed different results for the methane steam 
reforming reaction at 600°C. It was found that the relative reactivity order is 
 
Pt > Ir > Rh > Ru, Ni. 
 
Here Pt was found to be the most active metal and Ru determined to be the least active metal. All 
the studies presented have been done at more or less similar conditions in plug flow type reactors. 
The investigations by Wei and Iglesia have been performed more thoroughly than previous 
investigations and all results are based on a turnover frequency (TOF) rate rather than a weight 
based activity. This was possible since characterization by H2 chemisorption and TEM were done. It 
was found that the TOF is dependent on the metal particle size, so that TOF increases with the 
dispersion. It is also generally found that the surface is clean at all reaction conditions. To confirm 
either of the activity orders, measurements were performed of the absolute activity for a series of 
steam reforming catalysts. 
 
5.1. Absolute activity 
To estimate the steam reforming activity of metal catalysts there has been prepared eighteen 
catalysts. Three different support materials were used in the preparation, an yttrium (3 mol%) 
stabilised ZrO2 support, a θ-Al2O3 support and a MgAl2O4 spinel support. The impregnation and 
pre-treatment were done as described in section 2.2. To obtain varying particle sizes, six 5wt% 
Rh/ZrO2 catalysts were aged for up to 600 h at different temperatures between 600 and 830°C in 
H2O/H2 mixtures (H2O:H2=1:1) at 31 bar total pressure. Samples of 1wt% Rh/ZrO2, 1wt% Ir/ZrO2, 
1wt% Ru/ZrO2 and 1wt% Pt/ZrO2 were aged at 1103 K for 228 h in a similar gas mixture. The 
ageing procedures rendered a total of 18 catalysts, which are listed in table 12.  
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Table 12. Overview of the catalysts investigated in this study. The varying treatments is given by aging time and 
temperature. This give rise to varying particle sizes and dispersions. The activity is given as a turnover frequency 
(TOF). 
Catalyst Support Aging time 
[h] 
Aging 
temperature 
[°C] 
Average 
particle 
diameter [nm] 
Dispersion [%] TOF at 773 
K [s-1] 
1wt% Rh-1 ZrO2 - - 2.7/2.2# 32.3 12.5 
1wt% Rh-2 ZrO2 228 830 8.4 10.6 1.8 
5wt% Rh-3 ZrO2 - - 4.5 21.0 7.4 
5wt% Rh-4 ZrO2 72 830 8.2 11.0 3.6 
5wt% Rh-5 ZrO2 600 619 6.5 12.7 6.2 
5wt% Rh-6 ZrO2 600 673 7.0 12.8 4.7 
5wt% Rh-7 ZrO2 600 794 9.8 9.5 2.5 
5wt% Rh-8 ZrO2 600 823 11.1 7.6 2.0 
1wt% Ir-1 ZrO2 - - 1.4/1.7# 82.2 2.3 
1wt% Ir-2 ZrO2 228 830 2.9 28.4 2.1 
1wt% Ru-1 ZrO2 - - 4.2/2.1# 48.1 19.9 
1wt% Ru-2 ZrO2 228 830 7.2 10.8 1.1 
1wt% Pt-1 ZrO2 - - 1.9/2.3# 58.4 2.5 
1wt% Pt-2 ZrO2 228 1103 3.9 23.8 0.5 
1wt% Pd-1 Al2O3 - - 2.1 54.1 1.3 
14.8wt% Ni-1 MgAl2O4 - - 6.1 20.0 1.0 
2.4 wt% Ni-2 Al2O3 - - 2.7/2.8# 35.9 1.9 
10wt% Ni-3 Al2O3 - - 2.6 40.5 2.0 
#
ex situ/in situ measurements. 
 
The catalysts were crushed to a fraction of 300-500 µm and mixed with inert MgAl2O4 for a total 
weight of 300 mg. The catalysts were tested in reactor system 3, where the methane steam 
reforming activity was measured at 500°C using a gas mixture for 19% CH4, 74% H2O and 7% H2 
at ambient pressure and a total flow of 21.6 Nl/h. The overall conversion in the reactor was used to 
calculate the inlet methane steam reforming rate, r, as given by Eq. 58.  
 
( )
4CH
r k T P=       (58) 
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The conversions are kept low (<15%) to ensure that reactivity is not close to equilibrium. To 
calculate the rate as a turnover frequency it is necessary to characterize the metal surface area, 
which is done by TEM, H2 chemisorption, sulphur chemisorption and XRD. The method 
descriptions are given in chapter 2. The dispersion can be determined from ex situ TEM images as 
shown in Fig. 28 of fresh and aged samples. From these images it is possible to derive particle size 
distributions, which consist of more than 400 individual particles each. 
 
  
  
Figure 28. TEM images of Rh/ZrO2 catalysts showing the effect of ageing. (a) Fresh 5wt% Rh-3 and (b) aged 5wt% 
Rh-8 (600 h/823°C) with the average particle diameters of 4.5 and 11.1 nm, respectively. (c) Fresh 1wt% Rh-1 and (d) 
aged 1wt% Rh-2 (228h/830°C) with average particle diameters of 2.7 and 8.4 nm, respectively. 
 
The particle size distributions are exemplified by Fig. 29 and they can be used to calculate the 
number-averaged particle sizes and dispersions as given in table 12. The TEM images in Fig. 28 
and results in table 12 show that the fresh samples contained metal particles with an average 
diameter in the range 1-6 nm. The particle diameters increased and the dispersion decreased 
correspondingly with ageing of the catalysts.  
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Figure 29. The particle size distribution of the Rh-3 catalyst with an average particle size of 4.5 nm (i.e. 21% 
dispersion). A total of 466 particles are included. 
 
Most of the particle size distributions reported have been done by ex situ TEM measurements. The 
average particle diameter for the Ru catalyst is larger than for the other metals as noted in table 12. 
It is well-known that Ru easily surface oxidize [74] and therefore environmental TEM (ETEM) 
measurements were conducted to image the fresh catalyst with 1wt% metal loading under reducing 
conditions. The surface oxidation would be most pronounced for the smallest metal particle sizes. 
These in situ images were done at 1.2-1.4 mbar H2 and 500°C and analyses were performed for 
average particle size and dispersion. Fig. 30a and 30b show representative TEM images of the Ru 
sample obtained ex situ and in situ that shows more small particles were present during in situ 
observations. The finding is furthermore confirmed by the results presented in table 12, which 
reveal that the average particle size for the fresh Ru sample (Ru-1) was reduced by a factor of two 
to 2.1 nm in the ETEM experiment. In comparison, the fresh Rh, Pt, Ni, Pd, and Ir catalysts have 
also been investigated thoroughly by ETEM. For these catalysts, the results show no difference 
between the ex situ and in situ determination of the average particle sizes (table 12).  
Since Ru seems to be the only metal affected by surface oxidation, the aged Ru catalyst (Ru-2) was 
also investigated in situ in the H2 environment by ETEM. Fig. 30c and 30d indicate that the Ru 
particles in the aged catalyst apparently had similar size in the ex situ and in situ observations and 
that the average particle size was large (Ru-2: 7.2±0.3 nm), hence independent of whether the 
measurements were performed in situ or ex situ. The surface oxidation only affects the visibility of 
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2-4 nm wide Ru particles whereas the effect was less significant for the other metals and larger Ru 
particles. In order to accurately determine the TOF and dispersion of the fresh ruthenium catalyst, 
the average particle size is obtained from in situ observations using ETEM. For the other catalysts 
the particle diameters obtained ex situ were used.  
 
  
 
 
Figure 30. Ex situ and in situ microscopy of Ru/ZrO2. (a) TEM image and (b) ETEM image (1.4 mbar H2, 500°C) of 
the fresh Ru catalyst (1wt% Ru-1). The average particle size was 4.2 nm and 2.1 nm under ex situ and in situ conditions, 
respectively. (c) TEM image and (d) ETEM image (1.4 mbar H2, 500°C) of the aged Ru catalyst (1wt% Ru-2). The 
average particle size was 7.2 nm and 7.5 nm under ex situ and in situ conditions, respectively. 
 
The data obtained by TEM can be confirmed by other characterization techniques. Sulphur 
chemisorption and XRD studies were performed to validate the surface areas for Rh catalysts. Fig. 
31 (left) shows the sulphur chemisorption measurements for 5wt% Rh and the surface-averaged 
diameter obtained by TEM. This data correlates well to each other as would also be expected based 
on the sulphur chemisorption observations for determining isotherms. Fig. 31 (right) shows the 
average crystal size diameter by XRD that is compared to the volume-averaged diameter obtained 
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by TEM. The discrepancy of smaller sizes obtained by XRD are likely linked to twinning of the 
individual Rh particles that will effectively show the metal particles as polycrystals reducing the 
average crystal size [12]. Within this assumption there is otherwise fairly good correlation between 
the particle diameters. 
 
Figure 31. Diameter by sulphur chemisorption vs. surface average diameter (left). Diameter by XRD vs. volume 
averaged diameter (right). 
 
All catalysts were tested for their methane steam reforming activity. The series of Rh catalysts was 
prepared to obtain a variation in particle sizes so that any structural effect on the activity could be 
revealed. The remaining Ru, Ir, Pt, Pd and Ni catalysts were tested to allow a ranking of the 
different metals with respect to their TOF. Table 12 gives the turnover rates for all the tested 
catalysts and plotted versus dispersion in Fig. 32. There is a pronounced dispersion effects for 
especially the large set of Rh data with increasing turnover rates as a function of dispersion. This 
finding indicates that the activity depends on the detailed surface structure of the nanoparticles and 
that the low-coordinated surface sites play an important role for the relative activity of the active 
metals for steam reforming because smaller particles are expected to expose a larger fraction of 
low-coordinated sites than larger particles [75,76]. It is particularly interesting to note that for Rh, 
the turnover rate increases nearly linearly with dispersion. When comparing the TOF in Fig. 32 at a 
given dispersion, e.g. 0.4, then the ranking is given by Rh~Ru>Ni~Pt~Ir~Pd. 
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Figure 32. Reaction rate as a function of dispersion for CH4-H2O reforming (500°C, 0.19 bar CH4, 0.74 bar H2O, 0.07 
bar H2). Ru (○), 5wt%Rh (▲), 1 wt% Rh (∆), Ni (■), Pt (□), Ir (●) and Pd (♦). 
 
The TOF data in Fig. 32 is based on the assumption that all surface sites are active on the metal, i.e. 
TOF = r / A, where r is the rate and A is the surface area. It is also seen that there is a clear linear 
dependency between the TOF and dispersions. It can be estimated that the TOF would be constant 
if terrace sites were dominant, while if steps are dominant, it would increase linearly and if corners 
are dominant it would increase by the square of the dispersion. The data presented in Fig. 32 clearly 
shows that the reactivity is dominated by steps and low-coordinated sites. It has been shown that 
methane dissociates much faster on steps than on terrace sites [10] due to low-coordination effects. 
The data obtained here for the relative activities agrees much better with the obtained data by 
Kikuchi et al. [70], Rostrup-Nielsen and Hansen [9] and Qin [71]. It differs though significantly 
from the data obtained by Wei and Iglesia [14].  
For the experiments shown in Fig. 32 there is a variance in support material used. There is observed 
no direct influence of the type of support used. As also reported by Wei and Iglesia [14] the support 
only has an indirect influence due to the difference in metal particle size, whereas any other effects 
are insignificant. This is valid for the tested supports such as ZrO2, Al2O3 and MgAl2O4. Studies of 
Ru/La2O3 catalysts have shown that for CO2 reforming there is an interaction between the CO2 and 
the La oxide support [77]. Other support effects have also been proposed to stem from OH radials 
on the support surface [78]. While these effects are likely present they are negligible for most 
supports when measuring the activities of the steam reforming reaction. 
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Before dealing with the kinetics of the steam reforming reaction, it is necessary to discuss the water 
gas shift reaction. Few water gas shift experiments have been done at temperatures of 500°C and 
above. Indirect measurements have been done in connection with steam and CO2 reforming 
experiments. For both Ru [15] and Rh [79] it have been reported that there is sufficient high rates 
for keeping the water gas shift reaction in equilibrium. Low temperature studies (270°C) of the 
transition metals indicates that the remaining interesting metals have similar rates and it is assumed 
to be valid at higher temperatures [80]. The kinetic experiments conducted of the noble metals in 
this study have all shown to be near equilibrium for the water gas shift reaction under all conditions. 
 
5.2. Kinetics 
After determining the absolute activities for the methane steam reforming, then the focus will be on 
the kinetics for the two most active metals, Ru and Rh. Though the starting point is to continue the 
kinetic model development started in section 1.2. Here a nine elementary step model was proposed. 
Based on DFT studies it is estimated that both methane dissociation, ER1, and the CO formation 
reaction ER7, could be rate determining for the steam reforming reaction [12]. So the overall rate 
when assuming steady state can be written as Eq. 59. 
 
4 3
2
1 7 1 * 1 7 7 *overall CH CH H C O COr r r k P k k kθ θ θ θ θ θ θ+ − + −= = = − = −    (59) 
 
From the expressions for the equilibrium constants it is possible to replace COθ , Oθ  and Cθ  at the 
right side of Eq. 59 
 
* 9/CO COP Kθ θ=       (60) 
2 2
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2 3 8 * /O H O HK K K P Pθ θ=       (61) 
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3 2
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4 5 6 8 /C CH HK K K K Pθ θ=       (62)  
 
At the left side of the expression for the overall reaction rate, Hθ equals 
 
1
2
2 * 8
/H HP Kθ θ=       (63)  
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θ can be expressed as a function of 
*
θ  by setting the kinetic model 
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By combining Eq. 60-69 in the overall rate expression it is possible to obtain a rate expression 
based on ER1 and ER7 being rate determining steps and where the remaining steps are quasi 
equilibrated. This model will be used in the following section of theoretical results for the steam 
reforming reaction.  
 
5.2.1. Theoretical results 
The methane steam reforming reaction has been modelled in a collaboration project with the 
measured absolute rates presented [12]. The theoretical calculations are done by G. Jones and co-
workers at CAMD (Technical University of Denmark) using DFT as implemented in the computer 
code DACAPO using the RPBE exchange correlation functional [81]. For further details on exact 
calculation procedure is referred to the article [12]. The calculation has been done on steps as 
shown is important by Fig. 32. For Ni it has been estimated that the turnover frequency is a factor of 
200 higher for steps compared to terrace sites [10] at 225 °C, supporting the notion of steps being 
the most important sites. The data presented here is based on the theoretical description from 
section 1.3.  
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First, the calculations will be shown to address some of the key parameters for the reaction. This 
will start from a simple energetic picture and then adding information such as pressure, temperature 
and kinetics to get the full picture of the methane steam reforming reaction from a theoretical 
perspective. First scaling relationships are used to construct an energy diagram for the steam 
reforming reaction. Fig. 33 describes the overall trends in steam reforming activity of the pure 
metals by having an overall energy diagram. The diagram shows that there is an overall energy 
increase; this is due to the endothermic nature of the reaction. When entropy effects start being 
important then the free energy of the reaction becomes negative at sufficiently high temperature. 
The path between reactants and products are given by the specific metal due to the binding energies 
of the intermediates. It is seen that it is difficult to bind on the most noble metals, Au, Ag and Cu. 
So they become unsuitable for the reaction as nothing will bind to the surface. Likewise for very 
strongly binding metal surfaces such as W, the surface will be completely covered by species 
reducing the reactivity. There is essentially a band between Pt and Ru that looks reasonably 
favourable for the reaction to occur. These metals are also the ones that have experimentally been 
observed to be the active catalyst for the methane steam reforming reaction. 
 
Figure 33.  The potential energy diagram for steam reforming, as determined from the linear scaling relationships. Here 
a range of metals from noble to highly reactive are considered [12]. 
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For Ni and Ru there have been included the pressure and temperature in Fig. 34, which represent a 
total energy diagram including the energy barriers for each step intermediate step. It is seen that at 
the conditions modelled here there is similar energy barriers for the methane dissociation reaction 
and the CO formation reaction. At increasing temperatures the methane dissociation barrier 
increases due to the entropic contribution relative to the reactants free energy. 
 
Figure 34. Reaction free energy scheme including reaction barriers for steam reforming over stepped Ru and Ni. The 
plot has been constructed using DFT calculations and normal-mode analysis for the total free energies at 500°C. 
 
The two barrier kinetic model from section 5.2 is applied where the rate constants and equilibrium 
constants are determined from DFT calculations of ruthenium [12]. The adsorption energies of C 
and O can be used to describe all the remaining adsorption energies and reactions barriers from 
scaling relations and BEP relations. Rather than just calculating rates for discrete points given by 
the specific elements of the Periodic Table, it is possible to obtain the rate as a function of these two 
independent variables, the adsorption energies of carbon and oxygen ( CE∆ , OE∆ ). This allows us to 
probe the rate of steam reforming in all of the T, P and adsorption energy phase space. One 
particular advantage of the scaling method is that it allows us to probe not only the influence of 
temperature and pressure on the reaction for each metal, but also permits variation of the adsorption 
energy of oxygen and carbon and hence rationalise their effect. Fig. 35 depicts the 2-D plot 
comparing the influence of the C and O adsorption energy on the rate at 500°C, 1 bar of pressure 
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having a conversion of 10%. It is seen that the peak of the volcano plot (i.e. where the rate is 
highest) lies close to the region of the Ni, Rh and Ru adsorption energies. The peak lies in the 
region where the influence of the CO formation and CH4 adsorption are roughly balanced and that 
there is competition between these two processes. This is as expected from inspection of the BEP 
relations where the CH4 dissociation barrier scales with the C adsorption energy, yet both the C and 
O energy are required to describe the CO formation barrier correctly. 
 
Figure 35.  Two-dimensional volcano-curve of the turnover frequency (log10) as a function of O and C adsorption 
energy. T = 500°C, P = 1 bar; 10% conversion. The error bars include an estimated 0.2 eV (20 kJ/mol) uncertainties in 
the adsorption energies. 
 
The absolute activities estimated by the model show the same trend as the obtained experimental 
results. The results given by Fig. 35 shows large differences in absolute activities and especially Pt 
and Pd that have been measured in the experimental study show slow theoretical activity. The 
remaining activities for Ru, Rh, Ni and Ir match fairly well with the obtained experimental results. 
It should be noted that the calculation error of the DFT calculations will be more pronounced 
further away from the maximum. At the maximum there exists significant compensation effect 
between different elementary reactions giving a better estimation of the absolute activity. 
Furthermore, the main obstacle for the low Pt and Pd rate is the CO formation rate as dependent on 
the O adsorption energy. Instead the proposed pathways of ER10-12 and ER13-14 through CHO 
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species could have an influence with lower energy barriers. So the absolute difference in activity 
given by Fig. 35 is not completely representative of the actual process. If the modelling is carried 
out assuming the CO formation reaction to be quasi equilibrated then the results are as given in Fig. 
36. 
 
 
Figure 36. Two-dimensional volcano-curve of the turnover frequency (log10) as a function of O and C adsorption 
energy for the methane dissociation adsorption as the rate limiting step. T = 500°C, P = 1 bar; 10% conversion. The 
error bars include an estimated 0.2 eV (20 kJ/mol) uncertainties in the adsorption energies. 
 
Here it is seen that the absolute activities for Pt is much closer to the rates for the other noble 
metals. Experimental investigations to determine the kinetics is performed in the next sections. 
 
5.3. Kinetics – adsorbate effects 
The discussion on the influence of the CO formation step is investigated experimentally. As given 
by Eq. 70 it can be estimated that the rate should scale with the pressure of hydrogen to the power 
of -3. This has not been observed experimentally at low temperatures (500°C) for either Rh or Ru. 
There is no other literature supporting this notion of high negative order dependency of hydrogen. 
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P
∝       (70) 
 81 
 
So the proposed model by Eq. 59-69 is simplified by assuming that only methane dissociation is the 
rate limiting step. Again this is likely due to the pre-requisite that there is limited coverage and that 
the CHO reaction paths are not taken fully into consideration for the theoretical calculations. It can 
simply be derived that the rate for this model is given by 
 
( )
4
2
1 *1CH SRr k P β θ+= −       (71) 
 
Where βSR is the approach to equilibrium given by 
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So then the rate should be a simple first rate expression with respect to the partial pressure of 
methane. Though it has been assumed previously that the metal surface is clean the following 
experiments will show that there is a no simple first order dependency, but rather a complicated 
dependency from various factors. So based on previous studies that showed that there was a 
significant difference in activity between CO2 and steam reforming explained by a CO adsorption 
term [9] and the experiment performed here it is believed that it is necessary to include surface 
species in the equation and the 
*
θ cannot be assumed to be one. There is a series of possible 
adsorbents that can lower the steam reforming activity, such as CO, H, C, CH, CH2 or CH3. It could 
also be speculated that O or OH would adsorb on the surface, but based on the measurements, the 
trends in activity is opposite of expression having these as adsorbing species. The equations of the 
models are given by appendix D. 
 
5.4. Ruthenium kinetics 
In this section the focus will be on using the models obtained for the methane steam reforming 
reaction on a ruthenium catalyst. This new Ru-3 catalyst is 1wt% Ru catalyst on ZrO2 made as 
described in section 2.2. The catalyst is aged at 750°C for 336 hours in H2O/H2 (ratio ~ 1) 
atmosphere at 31 bar total pressure. The experiments are performed in reactor system 2 and all the 
experiments were carried out far from equilibrium as the approach to equilibrium for steam and 
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CO2 reforming was βSR < 9.6·10-3 and reformingCO2β  < 1.4·10-3 under all conditions. As a control of 
the stability of the catalyst, standard activity measurements were made between each series of 
variations. A standard activity measurement corresponds to the following conditions at the entrance 
of the catalyst bed: 16.7% CH4, 16.7% N2, and 66.6% H2O at 500°C and 1.3 bar. The standard 
activity measurements showed that the catalyst deactivation was small during the experiments. 
During a measurement period of 14 days, the total deactivation of the catalyst as amounted to 16%, 
which was compensated for by a linear correction of the rates followed by calculations of the 
conversions. 
 
Characterization by TEM and environmental TEM was done on the Ru catalyst to determine the 
particle size distribution for the Ru/ZrO2 catalyst. According to the previous results it is necessary to 
study the catalyst in situ to image small Ru particles. The resulting surface average particle size was 
compared to the results from H2 and sulphur chemisorption measurements.  
 
 
 
Figure 37. Particle size distributions (PSD) for the Ru-3 catalyst obtained from ex situ measurements (white) and from 
in situ measurements at reducing conditions, i.e. 500°C and 1.5 mbar H2 (striped). Average particle sizes are 4.9 and 3.5 
nm, respectively. The PSDs were based on 223 (ex situ/white) and 1042 (in situ/striped) measured particles, 
respectively.  
 
The particle size distributions (PSD) for the Ru-3 catalyst are presented in Fig. 37. The data 
obtained at ex situ conditions show a broad distribution of particle sizes and an average particle 
diameter of 4.9 nm. The equivalent particle size distribution obtained at reducing conditions is 
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much sharper and has an average particle diameter of 3.5 nm. There is a significant difference 
between the particle size distributions for the same sample obtained under different conditions.  
 
     
Figure 38. 22x22 nm TEM images obtained with 200kx magnification. At ex situ conditions of Ru-3
 
a 1 nm layer of 
RuO2 is observed at the edge of the Ru particle (left). At in situ ETEM conditions of 1.5 mbar H2 and 500°C a faceted 
Ru particle is observed (right).  
 
The ruthenium particle on the ZrO2 support in Fig. 38 (left) has a 1 nm edge of amorphous material 
at ex situ conditions. The amorphous material is assumed to be ruthenium oxide, and the inner core 
of the particle is seen to be crystalline. In the ex-situ measurements the particle size includes the 
oxide surface, which yields further complications during size estimation. A similar size particle at 
reducing conditions of 500°C and 1.5 mbar H2, Fig. 38 (right) does not have the amorphous layer 
and the particle appear faceted. The resolution is lower due to the presence of a relative high gas 
pressure in the in situ cell. Therefore the PSD obtained using 60kx ETEM images will be used in 
the following, and the average diameter and dispersion were determined to be 3.5 nm and 20%, 
respectively. The Ru/ZrO2 catalyst was also characterized by H2 chemisorption and sulphur 
chemisorption, and the dispersions were determined to be 32% and 23%, respectively.  
 
5.4.1. Results 
In total 62 experiments were used in the model fitting (both steam and CO2 reforming experiments). 
The difference between the rate models was the appearance of the denominator of θ*. The following 
species were tried out in the denominator of θ* : Clean surface, CO, H, C, CH, CH2, CH3, and CO + 
H. Effectively coverage effects of the possible surface species were thus studied by modelling the 
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experimental results. In the following only the results based on the reaction rate models of Clean 
surface, CH, CH2, and CO + H in the denominator of θ* will be commented as the latter three 
models provide the best agreement with the experimental data, and the clean surface will be 
included as a reference for these models. In table 13 the pre-exponential factor A1+, the activation 
energy Ea,1, and the adsorption parameters are provided for the reaction rate models of Clean 
surface, CH, CH2, and CO + H in the denominator of θ*. The corresponding sum of square as given 
by Eq. 36 is also shown for each fit. 
 
Table 13. Results of fitting the overall rate model to the experimental kinetic data for the Ru-3 catalyst. In total 62 
experiments were used in the model fitting. The pre-exponential factor, activation energy and adsorption parameters are 
provided for the reaction rate models containing Clean surface, CH, CH2, and CO + H in the denominator of θ*. The 
corresponding sum of squares as given by Eq. 36 are also shown. 
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SSQ 
[%2] 
Clean surface 1.38·107 102.3 - - - - 247.58 
CH 1.74·108 118.0 6.01·10-12 -213.2 - - 21.59 
CH2 3.35·108 122.0 6.93·10-10 -195.5 - - 24.12 
CO and H 4.39·107 107.9 2.19·10-5 -87.4 7.31·10-6 -71.0 10.98 
 
The comparison between the experimental results and the modelling results is given in Fig. 39-41. 
Here is seen the methane conversion as a function of the initial pressures of CH4, H2 and H2O. 
Furthermore is Fig. 41 showing the temperature influence on conversion for methane steam and 
CO2 reforming. All models fairly well describe the conversion as a function of the methane partial 
pressure given in Fig. 39 (left), where as the strong negative effect of the inlet partial pressure of 
hydrogen observed in Fig. 39 (right) is not equally well modelled. Especially using a clean surface 
model gives poor results not catching the trend that is experimentally observed. 
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Figure 39. Experimental conversions and global model data by 4 models; Clean surface, CH, CH2 and CO + H in the 
denominator of θ*. Predictions of methane conversions at varying methane partial pressure (left) and H2 partial pressure 
(right). The total inlet flow rate was vT, in = 12.1 Nl/h. Total pressure P = 1.3 bar, N2 balance. Tin = 500 ºC. 
 
The model that describes the results best can be seen by reviewing Fig. 40, which shows the 
conversion as a function of the inlet partial pressure of steam. Here it is clearly seen that at low 
steam concentrations there is no experimental dependency of the inlet steam concentration. The 
model that assumes CHx adsorption are strongly dependent on the partial pressure of steam as 
shown by the figure. 
 
 
Figure 40. Experimental conversions and global model data by 4 models; Clean surface, CH, CH2 and CO + H in the 
denominator of θ*. Predictions of methane conversions at varying steam partial pressure. The total inlet flow rate was 
vT, in = 12.1 Nl/h. Total pressure P = 1.3 bar, N2 balance. Tin = 500ºC. 
 
For otherwise similar reaction conditions, it is seen by Fig. 41 that there is a clear difference in 
steam and CO2 reforming activities. The clean surface model predicts too low conversions for most 
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of the steam reforming experiments, while it predicts too high conversions for the CO2 reforming 
experiments. 
 
 
Figure 41. Prediction of methane conversions during steam reforming (left) and CO2 reforming (right). Experimental 
conversions and global model data by 4 models; Clean surface, CH, CH2 and CO + H as the denominator of θ*. The 
total inlet flow rate was vT, in ≈ 12.1 Nl/h, P = 1.3 bar, N2 balance and with varying temperatures (425-575°C). 
 
Of the models considered, the CO and H model provides the best fit to the overall dataset because 
this model estimates the conversions at low partial pressures of steam correctly. Furthermore, this 
model provides a good agreement with the measured conversions during both temperature 
variations, and it also captures the negative influence of H2 addition with reasonable accuracy. The 
model is given in its complete form by Eq. 73. 
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The final model with CO and H inhibition rightly contains 6 parameters, whereas especially the two 
other models (CH and CH2) only have 4 parameters. One should be critical when adding parameters 
for modelling experimental data. However, it is still believed that it captures the right trends and 
makes a solid theoretical basis at the actual reaction conditions. 
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5.4.2. Discussion 
First, the dispersions were determined by TEM, H2 chemisorption, and sulphur chemisorption. The 
three methods give slightly different dispersions, and an average of the dispersions was used 
together with the activity to obtain a good estimate of the turnover frequency (TOF) for comparison 
with previous results. The average dispersion is 25%, and the resulting TOF for Ru-3 is 11.1 s-1 at 
500°C. When comparing absolute rates of methane reforming, it has been found that the TOF 
agrees within a 20% uncertainty with the data presented in Fig. 32. So the absolute activity is larger 
than those observed in the study of Wei and Iglesia [15], which has determined TOF at 0.83 s-1 (at 
44% dispersion and 500°C) for similar conditions. From the data of Wei and Iglesia [15] the CH4 
sticking coefficient can be estimated 
 
( )  2o BS T kN mk Tpi=       (74) 
 
where k is the experimental rate constant of the methane dissociation (which under the assumption 
that the surface is free of adsorbates) is equivalent to the TOF in s-1Pa-1 and No is the area density of 
the exposed metal atoms on the catalyst at the hcp closed packed surface (e.g. 1.57x1019 m-2 for 
Ru(0001)). This gives a sticking coefficient value of 0.25x10-7. Wei and Iglesia suggest that there is 
a large discrepancy between the CH4 sticking probabilities measured on single crystal Ru(0001) 
[82] and those extracted from their rate data. The sticking coefficient measurements on single 
crystals were carried out at 223-423°C [82]. Using the measured activation energy of Ea = 0.55eV 
for the single crystal experiment, this value has been extrapolated to 500°C to give a sticking 
coefficient of 76x10-7. As pointed out by Wei and Iglesia this is two orders of magnitude larger than 
their value. A similar procedure can be used to extract a sticking coefficient from the rate data in 
this study. In the case of Ru at 500°C the sticking coefficient can be estimated to be 6.9x10-7, much 
closer to the single crystal value.  
The CH4 dissociation rate measured by Wei and Iglesia for methane decomposition over Ru is 
considerably lower than the one extracted from our catalytic data, which is in reasonable agreement 
with the single crystal data. Abbott and Harrison [83] suggested that the experimental conditions 
used during the methane decomposition measurement of the sticking coefficient of CH4 on 
ruthenium by Wei and Iglesia [15] will lead to an underestimation. 
The results by Wei and Iglesia were derived from experiments in the temperature range, 550-700°C, 
using total pressures of 1-5 bar. No dependency on steam or CO2 was observed, hence the rates of 
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steam and CO2 reforming were equal. The difference between the results presented here and that 
obtained by Wei and Iglesia can to some level be explained by the temperature difference. It can be 
found that the level of site blockage in the steam and CO2 reforming experiments reported by Wei 
and Iglesia [7] is in the order of 10% at 600°C at their conversion used using the proposed model. 
So there is an agreement on the first order dependency in methane, though the reaction conditions 
are very dependent on whether this will be experimentally measured. Studies by Berman et al. of 
methane steam reforming over ruthenium at different temperatures (450, 500 and 700°C) show a 
significant variation of the reaction order of methane [84]. At low temperatures (450/500°C), the 
reaction order of methane was found to be significantly below 1, while at higher temperatures 
(700°C) the reaction rate was proportional to the methane partial pressure. This is in good 
agreement with the observed results in this study. 
The kinetic studies of steam reforming over ruthenium reported in the literature and the work 
presented here point to methane dissociative adsorption as the rate determining step. At high 
temperature the active surface is free, but at lower temperatures CO and hydrogen are present at the 
surface and reduces the activity due to blockage of the active sites. Thus, there is a qualitative 
agreement between the kinetic model reported here and the data obtained by Rostrup-Nielsen and 
Bak-Hansen [9].  
So the adsorption of CO is important for understanding the kinetics of the steam reforming reaction 
on Ru. When CO is adsorbed on a ruthenium surface, it is predominantly molecularly adsorbed 
[85]. Adsorption experiments using both single crystals and nanoparticles show a large difference in 
adsorption energies for low and high CO coverages. The initial CO binding energy is about 150-175 
kJ/mol but decrease to about 100 kJ/mol for higher CO coverages, see table 14. A CO adsorption 
energy of 87 kJ/mol is found using the obtained model, which reasonably agrees with the high-
coverage values of the CO adsorption energy found in the literature. There may be two reasons for 
this. First, the obtained value most likely corresponds to the high-coverage adsorption energy of CO 
as ∆HCO was mainly determined by the data at the relative high coverages of CO during CO2 
reforming. Second, even though the binding energy of CO is in the low end of the range reported in 
the literature, the temperature independent factor of the CO adsorption constant is relatively high, 
2.19x10-5 bar-1. For example the temperature independent factor for CO adsorption to nickel is 
about two orders of magnitude lower [86]. The low-temperature independent factor could be due to 
a compensation effect between the pre-factor and the adsorption energy [87].  
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Table 14. Experimental CO adsorption/desorption energies (kJ/mol). 
Ru surface 
∆HCO at low 
coverage (kJ mol-1) 
∆HCO at high 
coverage (kJ mol-1) 
Analytical method Ref 
Ru ( )1010  -145  TPD [88] 
Ru ( )109  -165 -50 FTIR and TPD [89] 
Ru ( )1010  -157 -100 TPD [90] 
Ru ( )1120   -103 TPD [91] 
Ru/HOPGa  -113 TPD [85] 
Ru/Al2O3 -175 -115 FTIR and 
adsorption model 
[92] 
Ru/ZrO2  -87 Kinetic model This 
work 
aHighly ordered pyrolytic carbon 
 
The adsorption energies of CO reported in table 14 were mainly derived using temperature 
programmed desorption (TPD). Few studies of the energetics of CO adsorption at high temperatures 
i.e. of the order of 500°C have been carried out, but Dulaurent et al. [92] studied Ru/Al2O3 catalysts 
and CO adsorption in the temperature range of 100-430°C and at a constant background pressure of 
1000 Pa CO. The CO coverage was studied by FTIR spectroscopy and significant coverages were 
obtained even at high temperatures. By using their model at the current conditions (both steam and 
CO2 reforming at 500°C), CO coverages of 10-40% are obtained, which explain the observed 
differences in activity between steam and CO2 reforming.  
As table 15 shows the H adsorption energy of 71 kJ/mol found here is higher than the energy 
obtained in single crystal and nanoparticle studies. DFT calculations [93] suggest that at the gas and 
temperature conditions used in this study, the surface will be partly covered by hydrogen. Therefore 
it is likely that the kinetics will also be influenced by hydrogen as found in this study. Furthermore, 
the temperature independent factor for H atom adsorption at nickel is estimated to be approximately 
2 orders of magnitude higher than obtained here [86]. These deviations from the literature values 
are most likely due to a compensation effect as the overall adsorption constant is well determined, 
whereas the temperature independent factor and the activation energy are highly correlated. At the 
experimental conditions in this study, the model predicts hydrogen coverages in the range of 2-20%, 
with the highest coverage when hydrogen was added at the inlet and lowest during CO2 reforming.  
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The potential importance of the interaction between CO and H should also be considered. Co-
adsorption of CO and H at ruthenium catalysts were studied in some detail [94,95,96,97,98], and it 
is observed that for CO there is either no influence [97,98] or weaker CO bonding [96] in the 
presence of hydrogen. Furthermore, the studies reported in the literature do not agree on whether 
the CO-H interaction is repulsive [97] or attractive [94]. It is likely that the binding of H atoms is 
more affected than CO in this co-adsorption situation [97,98]. Generally, it cannot be concluded 
with certainty that there is any significant co-adsorption effect. 
 
Table 15. Experimental H adsorption energies (kJ/mol) at low H coverage. 
Ru surface ∆HH (kJ mol-1) Analytical method Ref 
Ru ( )1010  -40 TPD [32] 
Ru ( )0001  -46 TPD [33] 
Ru ( )0001  -62 TPD [34] 
Ru ( )0001  -54 TPD [35] 
Ru/SiO2 nanoparticles -40 Calorimetric [36] 
Ru ( )0001  -35 TPD [37] 
Ru/ZrO2 -71 Kinetic model This work 
 
 
5.5. Rhodium kinetics 
Kinetic investigations have also been performed for a Rh based catalyst. As for ruthenium there is 
not observed an apparent first order dependency in methane partial pressure. In this investigation 
for rhodium there have been measured the dependency of methane and steam at various 
temperatures of 500, 600 and 800°C in comparison to only 500°C for Ru. This will be shown to add 
information to the understanding of rhodium kinetics. Here the Rh-2 catalyst as presented earlier is 
used for the kinetic experiments. The Rh catalyst is supported on a ZrO2 support and with Rh 
particle diameter of 8.4 nm as determined by transmission electron microscopy corresponding to a 
metal dispersion of 10.6%. To circumvent transport restrictions during the kinetic measurements, 
the catalyst pellets were crushed to less than 45 µm and mixed 1:10 with inert ZrO2 support and 
pressed to tablets. The final catalyst particle size of the diluted particles was 125-300 µm. The 
kinetic experiments were performed on reactor system 2 and the bulk effectiveness factors (η) were 
 91 
calculated to be above 0.8 for 90% of the measurements; hence the intrinsic rate controls the 
majority of the measurements. For the remaining measurements, η is larger than 0.6. 
As given by section 3.3 there is a strong deactivation phenomenon, which makes a pre-treatment 
procedure at high temperatures necessary to obtain stable catalytic activity. This has been especially 
pronounced for this testing of rhodium based catalysts, where the high temperature treatment at 
850°C for several hours reduced the problem, but it did not completely solve the problem. The 
catalyst activity have been stabilized, but at different stable activity levels. The differences between 
the absolute activities for the different set of experiments were included in the modelling procedure 
by using a factor multiplied to A1 in Eq. 13, when modelling the experimental data. These factors 
were determined by standard measurements before and after each experimental series.  
 
5.5.1. Results 
The kinetic experiments done on rhodium based catalyst can be shown to depend on production 
inhibition in the same way as for ruthenium. The different models given by section 5.3 have been 
tested for optimizing the kinetics and the adsorption of CO and H gives the best description of the 
experimental results.  
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So the rate is given by a similar expression in Eq. 75. Modelling of the results is divided in steam 
reforming and CO2 reforming experiments separately. A total of 62 steam reforming measurements 
will be modelled initially using Eq. 75 and the results are given by table 16 and Fig. 42-45. 
 
Table 16 Results of fitting the overall rate model to the experimental data. In total 62 steam reforming measurements 
were fitted by the model. The prefactor, activation energy and adsorption parameters are provided by the reaction rate 
model. The corresponding sums of squares (SSQ) as given by Eq. 3 are also shown. 
Reaction species in 
denominator of θ* 
A1 
[mol/g/h/bar]
 
E1 
[kJ/mol] 
ACO 
[bar
-1
] 
∆HCO 
[kJ/mol] 
AH 
[bar
-½
] 
∆HH 
[kJ/mol] 
SSQ 
[%2] 
Clean surface 2.04·109 147.7 - - - - 2556 
CO and H 6.89·106 89.2 2.29·10-5 -126.6 1.99·10-5 -82.1 30.29 
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Table 16 compares the results obtained using a simple first order dependency with no coverage 
dependence to those obtained by Eq. 74. As shown by the big difference in SSQ, a simple first order 
model is too simple to give a reasonable fit to the data. In Fig 42 (a) is shown the rate as a function 
of the inlet partial pressure in a logarithmic form. The apparent reaction order can then be directly 
derived from the results. The observed reaction order in methane increases with temperature and 
decreases with conversion. These observations are ascribed to indirect effects of changes in CO and 
H coverages. When comparing experiments at 500°C for high (9-22%) and low (5-11%) 
conversions, the effect of higher CO and H2 partial pressures for higher conversions results in a 
lower observed reaction order in methane. This can also be seen by the CO and H coverages in Fig. 
42 (b), where there are significantly more free sites for the low conversions than the high 
conversions. Similarly, orders increase with temperature in the observed reaction as the coverage of 
CO and H decreases with T. The observed reaction orders in methane are only phenomenological as 
the reaction is temperature and coverage dependent.   
 
 
  
Figure 42. (a) Comparison between the model and the measured overall apparent CH4 steam reforming rates. The 
observed reaction orders of methane are shown. The inlet pressure of H2O was 0.66 bar and N2 was used as the balance. 
(b) The average CO and H coverages based on the model are shown for low and high conversions at 500°C, 
respectively. 
 
Fig. 43 shows the effect of steam partial pressure on the reaction rate. The observed reaction order 
is observed to be minimal. There is a reasonable agreement between the modelled results and the 
experimental data. The effect of steam corresponded to previously observed results for rhodium 
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steam reforming catalysts, where steam was found to have a minimal effect on the steam reforming 
rate [18,79]. 
 
 
Figure 43. Comparison between model results and experimental data. Overall apparent CH4 steam reforming rate 
plotted as a function of the partial pressure of steam with 0.17 bar CH4 and balance N2. 
 
 
 
Figure 44. Observed temperature dependency of the steam reforming rate plotted as a function of 1000/T. The gas 
composition consists of 0.8 bar H2O, 0.2 bar CH4 and balance N2. 
 
The temperature dependency of the rate is shown in Fig. 44. The results are obtained in the 
temperature range of 500-800°C with corresponding conversions between 3% (500°C) and 62% 
(800°C). The change of the rate with temperature, CO and H partial pressures give a slightly curved 
graph when plotting ln(rate) vs. 1/T. In a typical Arrhenius plot, the gradient can be converted to an 
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observed activation energy. Here the observed activation energy can be estimated to vary between 
91 kJ/mol (500°C) and 46 kJ/mol (800°C). These values are valid for the specific conditions used in 
this experimental set, but serve as a good indication of the difficulty in estimating the activation 
energy. Detailed modelling as shown here is critical to describe the change in the reaction rate with 
temperature. 
Finally, the effect of H2 at low temperature was measured. Additional hydrogen was added at the 
reactor inlet to obtain higher H2 partial pressures through the reactor. As shown in Fig. 45 the model 
and the experimental data both show a clear negative effect of hydrogen on the methane steam 
reforming rate. This was ascribed to the adsorption term for hydrogen in Eq. 74.  
 
 
Figure 45. Comparison between model results and experimental data. Average CH4 steam reforming rate as a function 
of the inlet H2 partial pressure. (0.8 bar H2O, 0.17 bar CH4, balance N2) 
 
Until this point only steam reforming experiments have been reported and this is due to a different 
observed kinetic regime observed when performing CO2 reforming experiments at the conditions 
applied here. For CO2 reforming there is a significant increase in the partial pressure of CO in the 
gas phase, hence the concentration of adsorbed CO also increases. When attempting to model the 
CO2 reforming data with the model obtained by fitting the steam reforming data, but the model gave 
too low activities. This can likely be explained by too high adsorption energy of CO, though when 
the CO concentration increases the average CO adsorption energy will decrease due to the CO 
interaction on the rhodium surface. One way to solve this apparent discrepancy was to adjust the 
CO adsorption energy and take the remaining values in the models from table 16. The CO2 
reforming data at 500°C and 600°C can be modelled well with an average CO adsorption energy 
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that is 16.3 kJ/mol lower than that obtained from the steam reforming data with low CO levels. As 
shown in Fig. 46, the model gives a good description of the experimental data. The average CO 
coverage is between 0.75 and 0.8, and minimal H coverages for all the CO2 reforming experiments 
are obtained. 
 
 
Figure 46. Comparison between model results and experimental data. Average CO2 reforming rates as a function of 
inlet CO2 partial pressure. 0.2 bar CH4, N2 balance. The model is given by Eq. 13 and the data in table 1, except ∆HCO = 
-110.3 kJ/mol. 
 
5.5.2. Discussion 
In the results and modelling there is found a dependency of the CO and H adsorption on the steam 
reforming and CO2 reforming activity on rhodium catalysts. This is in contrast to previous 
investigations that observe a first order dependency of methane investigations of CO2 reforming by 
Bhat and Sachtler at 600°C and that there is no influence of the CO2 partial pressure [99]. Likewise 
gave investigations of steam and CO2 reforming at 550-700°C by Wei and Iglesia the same 
conclusions as Bhat and Sachtler – i.e. the reaction is first order in CH4 and no other species 
influence the reaction rate [18]. These results are not necessarily incorrect, but the exact outcome of 
the experiments depend strongly on the conversion and hence the possible product hindrance that is 
observed in this study. 
Other studies have been done where similar CO and H effects have been found. In the kinetic model 
developed in a paper by Maestri et al. [79]. This is due to the adsorption of CO and H that both have 
a significant influence at low temperatures (<600°C). The inhibition effect of CO on rhodium-based 
steam reforming catalysts is also been noted elsewhere [9,100]. 
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The adsorption energy estimated in this study of 126.3 kJ/mol is in good accordance with other CO 
adsorption results [101,102]. Studies of Rh catalysts at ambient conditions show that there is a 
significant CO coverage at temperatures of around 450°C [101]. It was estimated that a 1%CO/He 
at 450°C corresponded to 65% CO coverage on a Rh catalyst, which would be equivalent to 
approximately 30% at 500°C and 7% conversion for a standard experiment in this study, matching 
fairly well the modelled coverages. 
The CO adsorption energy has been shown to depend on the CO surface coverage [101,103]. The 
initial adsorption energy is determined to 195 kJ/mol for a Rh/Al2O3 catalyst [101] and 165-175 
kJ/mol [103] on another Rh/Al2O3 catalyst. In Fig. 47 the CO adsorption energy is shown as a 
function of CO coverage for rhodium [103]. For a Rh/Al2O3 catalyst, a plateau between θ = 0.05-0.6 
shows a constant adsorption energy (115-120 kJ/mol) and at higher coverages (θ = 0.6-0.9) this 
levels off to approximately 95 kJ/mol [103]. These values are in good agreement with the 
observations in this study at the different plateaus. The relative difference in adsorption energy at 
low and high coverage of approximately 16 kJ/mol found in the modelling of the steam and CO2 
reforming experiments.  
 
Figure 47. The CO adsorption data for Rh/Al2O3 [103]. 
 
There is also observed an effect of hydrogen on the overall activity, but to a smaller extent than CO. 
The adsorption energy in this study has been estimated to 82.1 kJ/mol, where the adsorption energy 
of hydrogen have been reported to be up to 80 kJ/mol at low coverages and level out to 
approximately 35-50 kJ/mol at a coverage of θ = 0.4-0.6 [103].  
At the hydrogen concentrations and the experimental conditions there have not been reported any 
specific measurements of the H surface coverage. However, detailed DFT and kinetic modelling 
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were carried out and it is estimated that there is a significant coverage of hydrogen on rhodium at 
atmospheric pressure of H2 at 500°C [93]. These models were confirmed by experimental TPD and 
metal-hydrogen binding energies [93]. 
The coadsorption of CO and hydrogen is included in the model, whereas any interaction was 
disregarded. Studies of coadsorption of CO and hydrogen on Rh(100) show that hydrogen is 
destabilised and that some of the hydrogen desorbs at a lower temperature due to the interaction  
[104]. When there are a low number of free sites, the surface will predominantly be covered by CO. 
This model predicts that the coverages for the two species, CO and H, are similar at steam 
reforming conditions as shown on Fig. 42(b), but that CO is dominating for CO2 reforming 
conditions.  
Different values of the activation energy for steam reforming were reported. While the model had 
an activation energy of 89 kJ/mol, the observed activation energy was in the range of 46-91 kJ/mol 
at the reaction conditions of this study. Wei and Iglesia’s study found an activation energy of 109 
kJ/mol [18] for an assumed clean surface, which is not too far from what is found in this study. 
Maestri et al. included coverage effects in determining the activation energy and estimated an 
activation energy of 62 kJ/mol at θCO = 0.15 and θH = 0.2, which corresponds well with the 
observed values that also include a partly coverage of CO and H. 
 
5.6. Noble metal kinetics 
The main focus of the experimental study has been on the kinetics for Ru and Rh. Few experiments 
have also been conducted on a Ir catalyst to make a last comparison between the different noble 
metal kinetics. The 4wt%Ir/MgAl2O4 catalyst has been prepared according to section 2.2 and tested 
on reactor system 2. 
  
5.6.1. Results 
Fig. 48 and 49 show reforming rates as a function of the methane and steam partial pressures. The 
results are given for Rh, Ru and Ir. The data for Rh and Ru are taken from the previous results and 
converted to arbitrary units together with the iridium data. Conversions are comparable around 5-
20% and the data have been fitted with a power law model to deduct the differences in trends.  
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Figure 48. Comparison of the rate (a.u) between Ir, Rh and Ru as a function of the inlet partial pressure of methane at 
500°C. 
 
Fig. 48 shows the methane dependency and the large difference for the metals at 500°C. Whereas 
Ru is only slightly influenced by the product inhibition then the Ir catalyst is strongly inhibited. It is 
presumed that similar product inhibition exists for Ir as fro the two other noble metals. The Rh 
catalyst is in between the two other metals. On Fig. 49 is seen the dependency of the inlet partial 
pressure of steam and it is observed that at these experimental conditions there is negligible 
influence of the partial pressure of steam for all three metals.   
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Figure 49. Comparison of the rate (a.u) between Ir, Rh and Ru as a function of the inlet partial pressure of steam at 
500°C. 
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5.6.2. Discussion 
It is found experimentally that there is a stronger adsorption of CO on Rh than on Ru. On Ru, CO 
adsorption energy is found to be 87 kJ/mol, where the adsorption energy was largely controlled by 
CO2 reforming experiments with an average CO coverage of 0.4-0.5 [10]. It was not necessary to 
take the adsorption energy dependency of the CO coverage into consideration for the Ru kinetics, 
probably because the coverages of CO on Ru were below 0.5 during CO2 reforming. The adsorption 
energy of CO on Ru corresponded well with other high CO coverage adsorption energies for Ru.  
The stronger adsorption of CO on Rh than on Ru is also evident from temperature-programmed 
desorption (TPD) experiments at similar conditions. On single crystal closed packed surfaces, CO 
are adsorbed on Ru(0001) [105] and Rh(100) [104]. The experimental conditions are almost equal, 
making ground for a fair comparison. In Fig. 50 the CO TPD experiments with medium and high 
initial coverages are shown. The relative strength of CO adsorption on Ru and Rh is supported 
theoretically by adsorption and desorption calculations on closed packed surfaces at low coverages. 
These show that CO binds more strongly to Rh than to Ru [106].  
 
 
Figure 50. CO TPD data for Ru(0001) [30] and Rh(100) [31]. CO is pre-adsorbed at temperatures below -143°C for 
both sets of experiments. Initial CO coverages of 0.25 and ~0.7 (0.68 for Ru and 0.72 for Rh) were used. β = 5 °C/s. 
 
The sparse data for Ir does not provide enough to make a full scale modelling. The inhibition order 
of Ir>Rh>Ru can also be deducted from CO adsorption data, which shows the same trend at 500°C 
[101,92,107]. Here similar CO adsorption studies have been performed and they show also this 
trend, supporting the order in inhibition effect. A high heating rate (50°C/s) combined CO and H 
TPD experiment showed that that is CO desorbs later than what is observed for Ru and Rh in Fig. 
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50 [108]. This experiment were conducted on a Ir foil, where the last CO is observed to desorb at 
500°C well above the observed temperatures in Fig. 50 even for a high heating rate TPD 
experiment.  
 
5.7. Summary 
The methane steam reforming activity of noble metals can be described as a function of the 
adsorption energies of carbon and oxygen on the metals and the ranking in turn-over frequency of 
the metals is Ru~Rh>Ni~Ir~Pt~Pd. Generally, it is found that the water gas shift reaction is in 
equilibrium and the support effect is negligible. It is found by reactor and kinetic modelling that CO 
and H inhibits the activity of the reaction, where the dominating specie of CO have a great impact 
on the observed rates. Decreasing adsorption energy of CO leads to a higher observed reaction order 
in methane and Ru is the least influenced by CO product inhibition followed by Rh and lastly Ir.  
Measuring methane steam reforming rates on noble metal catalysts is dependent on the actual 
experimental conditions, as product inhibition have a great influence. The exact conversion and also 
the flow rate have a direct impact and without proper modelling it is not possible to derive this 
kinetic features. This can lead to very different experimental results for the kinetics at various 
setups and conditions. 
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6. Conclusion and outlook 
In the present thesis work kinetic modelling and reactor modelling have been used to address the 
methane steam reforming reaction. The goal of developing steam reforming catalysts for low 
steam/carbon gas mixtures is investigated by characterization of noble metal catalysts, studies into 
addressing sintering stability, obtaining absolute activities and determining kinetic modelling for 
noble metal catalysts. 
Characterization of noble metal catalysts have shown that similar sulphur adsorption models as for 
nickel can be taken into consideration. For ruthenium based catalysts carbon resistance is better 
than expected due to oxygenated species. Furthermore it has been shown that ruthenium based 
catalysts easily surface oxidize, an important feature when analysing by TEM. This can be 
addressed by using ETEM facilities at reducing and elevated temperature conditions. 
Obtaining stable activities are important, but a deactivation phenomenon has been observed for 
small catalyst pellets at the temperature region of 550-650°C. Though the catalyst reactivates at 
higher temperature, it strains the possible operating mode for obtained stable measurements. The 
deactivation phenomenon is possibly caused by metal-surface interaction phenomenon. 
Preventing sintering is a difficult task. A method of anchoring the catalytic active metal particles 
with high surface energy promoter elements have been attempted. Based on thermodynamic 
considerations this method should be feasible. The experimental results indicate that this method 
possibly works, but no conclusive evidence have been obtained. 
Thorough description of the steam reforming reaction on noble metal catalyst has been done. It 
shows that ruthenium and rhodium are the most active catalyst followed by Ni, Ir, Pt and Pd. The 
activity is strongly dependent on low-coordinated sites as there is a linear dependency of the 
dispersion. The steps dissociate methane as the key elementary step. The steam reforming kinetics 
show strong product inhibition for ruthenium and rhodium catalysts, where adsorbance of CO and 
H is strongest on Rh compared to Ru. Simple investigations of Ir have shown even higher product 
inhibition than for the first two metals. 
Studies in literature of the steam reforming reaction have proven to yield different results. By 
comparing theoretical modelling with experimental work the rankings and kinetics for the methane 
steam reforming reaction have been determined. The actual conditions of operation at which the 
experiments have been conducted is very important to obtain correct kinetics. Differences in actual 
reaction conditions is the likely explanation for previous discrepancy between kinetic models. 
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Appendix A – Reactor Modelling 
 
A.1 Example for calculation of effectiveness factor 
Calculation of effectiveness factor at 500°C and high reaction rate. The example is a fresh high 
loaded (5 wt%) ruthenium sample with a rate of 6.6 mol/g/h, at relative low conversion (8.0 %) and 
0.2 bar CH4 (8.923 mol/m3): 
 
( ) ( ) ( )
( ) ( )4
6 3
1
3
6.6 / / 1.37 10 / 1/ 3600 /
281.5
8.923 /CH
mol g h g m h sratek s
C mol m
−
⋅ ⋅ ⋅
= = =   (A1) 
 
The effective diffusion can be estimated from the diffusion coefficient in gas phase, the porosity 
and the tortusity factor. The diffusion coefficient is dependent on the gas mixture and calculated 
based on the gas mixtures at 500°C [65]. The porosity is measured by Hg porosimetry and the 
tortusity factor is an estimate from the pore system. 
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The Thiele modulus: 
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So here the effectiveness factor is 0.97. There is a minor effect on the rate that needs to be taken 
into consideration even though it is close to intrinsic conditions. 
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A.2 Packed bed calculation 
The underlying equations for calculating the heat conductivity in the bed is given here. Firstly is 
given the turbulent contribution for the heat conductivity in Eq. A5. 
 
, ,
1.15 gas gas p gas p av
turb
u C D
Pe
ρλ ⋅ ⋅ ⋅ ⋅=      (A5) 
 
Where ugas is the velocity, Cp,gas is the heat capacity for the gas, Dp,av is the average particle 
diameter and Pe is the Peclet number (Dimensionless number for momentum transfer relative to the 
heat transfer). In the following is given the calculation of the stagnant gas contribution based on the 
theory by Zehner and Schlunde [31]. B is a dimensionless number in the calculation based on the 
bed porosity. 
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The void fraction for a standard ZrO2 catalyst in the catalyst bed is 0.25, which can relatively easy 
be measured.  
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The stagnant part contributes by a factor approximately 250 times more to the heat conductivity in 
the bed than the turbulent part. 
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A.3 Thermo channel temperature 
The calculations for the temperature changes in the thermo channel is presented in this section. In 
Fig. A.1 is sketched the heat balance for the thermo channel wall. 
 
 
Figure A.1. Sketch of the reactor with the catalyst bed, the thermo channel wall and the thermo well. Heat is transported 
axially in the thermo channel wall from the gas phase above and below the catalyst bed. Heat is transported in the radial 
direction from the thermo channel wall to the catalyst bed. 
 
The heat balance can be given by Eq. A9 and expanded to Eq. A10. 
 
( ) ( )q z q z z q= + ∆ + ∆                        (A9) 
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                   (A10) 
 
Where λTC is the heat conductivity in the thermo channel (20 kcal/h/m/k), Across is the cross sectional 
area for the thermo channel wall and DTC is the thermo channel outer diameter. It is possible to 
obtain Eq. A11, which describes the temperature gradient in the thermo channel. 
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It is assumed that the thermo channel temperature gradient will have a normal distribution, so that 
Eq. A12 can be set up as a constrain for the equation.  
 
0TCT
z
∂
=
∂
 for z → −∞                        (A12) 
 
The second constrain is to ensure that the temperature outside the catalyst bed area will be similar 
for the thermo channel and the gas temperature. This is achieved by imposing Eq. A13. 
 
TTC = Tinlet for z → −∞                        (A13) 
 
Now a temperature profile is obtained that describes the thermo channel and a correct factor of Cwall 
can be determined, so the hinner wall is described for both the reactor wall and the thermo channel 
wall. 
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Appendix B – Characterization results 
 
B.1 Sulphur 
Results for adsorption of sulphur on the samples in the experiments. The catalysts used for these 
experiments have been 
 
• 4 wt% Rh/MgAl2O4 
• 4 wt% Ru/MgAl2O4 
• 4 wt% Pt/MgAl2O4 
• 4 wt% Ir/MgAl2O4 
• 14.4 wt% Ni/MgAl2O4 
 
The nickel catalyst is primarily used as a reference catalyst for the noble metal catalyst. In table B.1 
is shown the obtained data for the sulphur adsorption at the given temperature. The reference 
measurement at which the coverages have been normalised to is also presented. 
 
Table B.1. The obtained sulphur adsorption data (Scap) in weight ppm of the catalyst sample. Last column is the 
reference data for full coverage at 12 ppm H2S/H2 and 550°C. 
Metal 0.75 ppm H2S/H2 for 864 hours. 2.0 ppm H2S/H2 for 192 hours. 
Full 
coverage 
Rh T [°C] 463 534 598 664 729 T [°C] 581 613 648 688 730 2700 
 
Scap 2100 2020 1660 1300 1410 Scap 2670 2310 2190 2010 1655  
Ru T [°C] 463 534 598 664 729 T [°C] 581 613 648 688 730 2500 
 
Scap 2370 2430 1980 1480 1420 Scap 2135 2060 1830 1545 1475  
Pt T [°C] 480 549 611 678 749 T [°C] 590 620 656 697 743 225 
 
Scap 65 60 90 50 100 Scap 155 140 120 120 100  
Ir T [°C] 480 549 611 678 749 T [°C] 590 620 656 697 743 730 
 
Scap 300 400 365 260 250 Scap 590 680 610 545 415  
Ni T [°C] 495 562 624 693  T [°C] 598 627 663 707  3400 
 Scap 2630 1930 1530 1560  Scap 2755 2390 1935 1600   
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Appendix C – Promoted catalysts 
The reference data used to determine the promoter elements based on the segregation energies 
(figure C.1 and table C.1), heat of sublimation data (table C.2) and atoms radius data (table C.3). A 
list of chemicals and experimental procedures for dissolvent in the impregnation is given by table 
C.4.  
 
 
Figure C.1. Surface segregation energies on closed-packed surfaces from Ruban et al. [61]. 
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Table C.1. The values from figure A.1 presented in as numerical values for the relevant promoted catalysts. Surface 
segregation energies (kJ/mol) for promoters at closed packed surfaces [61]. 
              Promoter 
Host 
Cu Mo Ru Rh Pd W Re Os Ir Pt 
Ru (0001)  9.6    23.2 35.7 22.2   
Rh  42.5 29.9   63.7 68.5 54.0 22.2  
Ir  33.8 22.2   45.3 46.3 30.9   
Pt 30.9 89.7 57.9 25.1 0 111.9 107.1 83.0 42.5  
 
 
Table C.2. Heat if sublimation [109]: 
Metal Rh Ru Pt Ir Mo Re W Ni 
Heat of 
sublimation at 
0 K [cal/mol] 
[110] 
    155550 186850 191900  
Heat of 
Sublimation at 
298.15 K 
[cal/mol] 
133100 155000 134970 160000  186100 
 
202400 
 
102670 
 
 
Table C.3. It is assumed that the lattice parameter is equivalent with the atom size. Since the atom size have an 
influence on the strain in the alloy system, and then larger atoms will have a tendency to segregate to the surface. 
 Preferred 
configuration 
Fcc lattice 
parameter 
Hcp lattice 
parameter 
Bcc lattice 
parameter 
Ru Hcp x 2.71/4.28[23]  
Rh Fcc 3.80[23]   
Ir Fcc 3.84[23]   
Pt Fcc 3.92[23]   
Pd Fcc 3.89[23]   
Mo Bcc 4.01[111]  X 3.15[23] 
W Bcc X X 3.16[23] 
Re Hcp 3.893[112]1 2.76/4.46[23]  
 
                                                 
1
 MEAM calculations 
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List of chemicals used for promoted catalysts excluding table 3. 
Re – NH4ReO4 (Re2O7 volatile above 300°C, ReO2, ReO3 not volatile) (s) 
W – (NH4)6[H2W12O40] • 4 H2O (WOx not volatile) (s) 
Mo – (NH4)6Mo7O24 • 4H2O, (MoOx slightly volatile above 700°C) (s) 
 
Table C.4. Overview of the solutions used in the preparation of the catalysts.  
          Host metal 
Promoter 
Rh Ru Pt Ir 
Re Re dissolved at 50°C. 
One solution. 
Re dissolved at RT. 
One solution. 
Re+Pt dissolved at 
80°C+acetic acid. 
One solution. 
Re+Ir dissolved at 
RT. One solution. 
W W dissolved at RT 
One solution. 
W dissolved at RT. 
One solution. 
Pt dissolved at 
RT+acetic acid. Imp, 
dried, calcined. W 
dissolved at RT, 
second impregnation. 
W+Ir dissolved at 
RT One solution. 
Mo Mo dissolved at RT. 
One solution. 
Mo dissolved at RT. 
One solution. 
Pt dissolved at 
RT+acetic acid. Imp, 
dried, calcined. Mo 
dissolved at RT, 
second impregnation. 
Mo+Ir dissolved at 
RT. One solution. 
Ru  One solution.  Pt dissolved at 
RT+acetic acid. One 
solution. 
Ir dissolved at Rt. 
One solution. 
Ir  Ir dissolved at RT. 
One solution. 
   
 
Ir-catalysts: 
• It seems that there is an uneven distribution of metals through the pellets. Probably a 
phenomenon of the drying process. 
Pt-catalysts 
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• W and Mo catalysts could not be prepared in one solution, since the precipitation of one of 
salts was inevitable. Then Pt was impregnated was for these catalysts, then dried and 
calcined at 450°C (1 hour), followed by impregnation with the promoter. 
• The Re promoted Pt catalysts, were impregnated at 80°C. 
• During reduction, the acetic acid caused varies problems in the system. All Pt samples was 
therefore calcined at 300°C/1 hour [100°C/hour] at ambient conditions to oxidize the acetic 
acid. 
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Appendix D – Adsorbate models 
Overview of possible adsorbants used to test the models. 
Model 
number 
Reaction 
intermediate 
in 
denominator 
of θ* 
Reaction rate expression from derivation Reaction rate expression simplified 
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1CH SRk P β+ −  ( )41 1CH SRk P β+ −  
2 CO ( )
( )
41
2
9
1
1 /
CH SR
CO
k P
P K
β+ −
+
 
( )
41
2
1
1 exp
CH SR
CO
CO CO
k P
HA P
RT
β+ −
 −∆ 
+   
  
 
3 H ( )
( )
4
2
1
2½
8
1
1 /
CH SR
H
k P
P K
β+ −
+
 
( )
4
2
1
2
½
1
1 exp
CH SR
H
H H
k P
HA P
RT
β+ −
 −∆ 
+   
  
 
4 C ( )
4
2
2
1
2
2
2 3 7 8 9
1
11
CH SR
CO H
H O
k P
P P
K K K K K P
β+ −
 
+  
 
 
( )
4
2
2
1
2
1
1 exp
CH SR
CO HC
C
H O
k P
P PHA
RT P
β+ −
 
−∆ 
+     
 
5 CH ( )
4
2
2
1
23 2
3
2 3 6 7 8 9
1
11
CH SR
CO H
H O
k P
P P
K K K K K K P
β+ −
 
+  
 
 
( )
4
2
2
1
23 2
1
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CH SR
CO HCH
CH
H O
k P
P PHA
RT P
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 
−∆ 
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6 CH2 ( )
4
2
2
1
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2 3 5 6 7 8 9
1
11
CH SR
CO H
H O
k P
P P
K K K K K K K P
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 
+  
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2 2
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7 CH3 ( )
4
2
2
1
25 2
5
2 3 4 5 6 7 8 9
1
11
CH SR
CO H
H O
k P
P P
K K K K K K K K P
β+ −
 
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4
3 2
3
2
1
25 2
1
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CH CO H
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H O
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H P P
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8 CO and H ( )
4
2
1
2½
9 8
1
1
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PP
K K
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4
2
1
2
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CO H
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RT RT
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This paper presents a detailed analysis of the steam reforming process from first-principles calculations,
supported by insight from experimental investigations. In the present work we employ recently
recognised scaling relationships for adsorption energies of simple molecules adsorbed at pure metal
surfaces to develop an overview of the steam reforming process catalyzed by a range of transition metal
surfaces. By combining scaling relationships with thermodynamic and kinetic analysis, we show that it is
possible to determine the reactivity trends of the pure metals for methane steam reforming. The reaction
is found to be kinetically controlled by a methane dissociation step and a CO formation step, where
the latter step is found to be dominant at lower temperatures. The particle size of the metal catalysts
particles have been determined by transmission electron microscopy (TEM) and the turn over frequency
observed to be linearly dependent on the dispersion, supporting the theoretical notion that the active
sites are most likely present as one dimensional edges. It has been found that determination of the
correct particle size distribution of small (2–4 nm) Ru particles requires in situ TEM measurements under
a hydrogen atmosphere. The overall agreement between theory and experiment (at 773 K, 1 bar pressure
and 10% conversion) is found to be excellent with Ru and Rh being the most active pure transition metals
for methane steam reforming, while Ni, Ir, Pt, and Pd are significantly less active at similar dispersion.
 2008 Elsevier Inc. All rights reserved.
1. Introduction
Our dependence on fossil fuels can be found in areas such
as energy production and manufacture of nearly all man-made
bulk chemicals. In spite of the necessity to move towards bio-
and renewable chemical sources in the future [1–3], the impor-
tance of large fossil fuel based industrial processes cannot be
over-emphasized and will remain central for a number of years to
come. The need for cleaner and more efficient catalysis technolo-
gies is therefore greater than ever. Steam reforming is an industrial
process of key importance. Natural gas and other liquid hydro-
carbons are converted into synthesis gas or hydrogen which can
subsequently be transformed to higher value chemicals. The pro-
cess is a first step in converting natural gas resources to valuable
products like petroleum, diesel, methanol, and ammonia. More-
over, steam reforming processes can act as a source of hydrogen
and are therefore potentially important in any emerging hydrogen
* Corresponding author. Fax: +45 45253175.
E-mail address: norskov@fysik.dtu.dk (J.K. Nørskov).
economy. A detailed review of this reforming process and its ap-
plications can be found in reference [4].
Steam reforming is traditionally performed over Ni-based cat-
alysts [4] in tubular reformers with the catalyst placed inside
10–12 m long tubes situated in a fired oven. The temperatures
vary from 450 ◦C at the inlet up to 950 ◦C at the outlet. The ef-
fectiveness factor of the catalyst is high (1–0.2) at the inlet but
falls below 0.1 after 2 m from the inlet when reaching approxi-
mately 600 ◦C [5]. Noble metals such as Ru [6,7], Rh [7,8], Pd [7],
Ir [7,9,10], and Pt [7,11] are also active for steam reforming but
these metals are normally too expensive to be used in conven-
tional industrial reformers.
There have been a number of studies that have addressed
the order of reactivity between the different transition metals.
Rostrup-Nielsen [12] and Kikuchi et al. [13] performed some of the
first detailed studies of steam reforming over transition metal cat-
alysts in the early nineteen-seventies. Rostrup-Nielsen [12], mea-
sured the rate of steam reforming of ethane at atmospheric pres-
sure and 773 K, which correlated directly with the rate of steam
reforming of methane. The relative activity was found to be:
Rh, Ru > Ni, Pd, Pt > Re > Ni0.7Cu1.3 > Co.
0021-9517/$ – see front matter  2008 Elsevier Inc. All rights reserved.
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Kikuchi et al. [13] studied steam reforming of methane at atmo-
spheric pressure in the temperature range 623–873 K and observed
a similar sequence of the relative activity between the group VIII
metals,
Rh–Ru > Ni > Ir > Pd ∼ Pt ≫ Co, Fe.
Kikuchi et al. [13] proposed that the kinetics should follow de-
pendencies on methane and water as r = k(PCH4 )0(PH2O)0.5 , argu-
ing that there should be no methane dependency of the rate on
Ru and Rh pure metals. This kinetic expression is not in agreement
with the most recent published activity measurements by Wei and
Iglesia as discussed below.
Rostrup-Nielsen and Hansen [7] conducted a series of experi-
ments with Ru, Rh, Pd, Ir, Ni and Pt on MgO supports, measuring
steam reforming activity at 823 K and atmospheric pressure. The
relative activities were reported to be:
Ru, Rh > Ir > Ni > Pt, Pd.
Qin et al. [14] performed similar experiments as Rostrup-
Nielsen et al. [7] with noble metals on a MgO support and found
an almost identical activity relationship for the noble metal cata-
lysts as the two previous mentioned studies under reaction con-
ditions with a temperature range of 873–1173 K and atmospheric
pressure:
Ru > Rh > Ir > Pt > Pd.
It should be noted that support effects were shown to be min-
imal, with Pd, Pt and Rh on Ceria having a similarly high rate
compared to a silicate support [15].
It thus appears that there is a reasonably general consensus
regarding the trend in the order of reactivity. Of the pure metal
catalysts Ru and Rh are the most active, Ni and Ir are intermediate
and Pd and Pt are less active. However, Wei and Iglesia [6,8–11,16]
have recently made carefully designed kinetic investigations of a
series of metal catalysts for methane steam reforming. It was sur-
prisingly found for the metals investigated (Ru [6], Rh [8], Pt [11],
Ir [9,10], and Ni [16]) that the relative activity order was:
Pt > Ir > Rh > Ru, Ni.
Interestingly, Wei and Iglesia found that Pt is the most active
and that Ir is also more active than Rh and Ru. Wei and Iglesia
also showed that the turnover frequency increases with increasing
dispersion indicating that the detailed metal nanoparticle struc-
ture must play a role for the activity—an observation that could
be important for the comparison with previous work. Furthermore
Harrison et al. [17] have highlighted a discrepancy in the measured
sticking coefficient for single crystal Ru [18], this will be subject to
discussion later in the paper.
The kinetics of the steam reforming reaction has been the
subject of numerous interpretations and discussions as illustrated
lately [16]. The thorough investigations by Wei and Iglesia showed
that dissociation of methane is the rate-determining step for both
steam and CO2 reforming of methane. This mechanism was veri-
fied at 873 K and various pressures for a range of metals (Ni, Ru,
Pt, Rh, and Ir) [16]. It has been shown by other authors that for
different transition metals there was a difference between steam
and CO2 reforming reactivity, attributing this to blocking of the ac-
tive sites by CO [7]. There is a general trend in previous studies,
showing that the reaction kinetics are first-order with respect to
methane. However, different studies invoke various parameters to
be included in the kinetic expression in order to readily explain
other phenomena, such as the H2O dependency [19] or pressure
dependency [2]. Therefore, it may be that the activity is not gov-
erned by a single rate determining step, but several rate determin-
ing steps depending on the reaction conditions [4].
This paper will present a detailed analysis of the methane
steam reforming process from first-principles calculations, and
compare the results with experimental investigations of the re-
activity of supported nanoparticles. Several groups have published
results from calculations for CH4 activation [20–39], however these
have not dealt with the full catalytic process of steam reform-
ing under industrial conditions. In the present work we employ
recently recognised scaling relationships for adsorption energies
(of hydrogenated atoms) adsorbed at pure metal surfaces, to de-
velop an overview of the trends underlying the steam reforming
process catalyzed by transition metals. These relationships allow
total energies of reaction intermediates to be estimated and used
in a complementary fashion alongside detailed density functional
theory calculations. Once the detailed energetics are established,
thermodynamic analysis can be applied to the total energies in or-
der to account for temperature and pressure effects. The approach
is particularly important because the entropic effects become sig-
nificant at the high reaction temperatures necessary for the steam
reforming process. Finally, the thermodynamic analysis allows us
to parameterize a kinetic model from which we can determine
turn-over frequencies (TOF) for a range of pure metals. This opens
up both the possibility of establishing a detailed understanding of
the relative rates of pure metal catalysts, as well as the possibil-
ity for a future rational search for improved steam reforming alloy
catalysts.
To validate and expand the theoretical model, we combine the
first principles calculations with experimental investigations of the
steam reforming process. The experimental work will report on the
steam reforming activity for a series of catalysts (Ni, Pt, Ru, Rh,
Ir, Pd), primarily supported on ZrO2 and Al2O3. The activity ex-
periments are performed at atmospheric pressure and 773 K, at
conditions far from equilibrium. The activities are correlated with
structural information in terms of the metal dispersions of the cat-
alysts, which are determined from (environmental) transmission
electron microscopy (TEM) and supported by sulphur chemisorp-
tion and X-ray powder diffraction (XRPD). From the dispersions
and the activities it is possible to evaluate the relative turn-over
frequencies (TOF) for the metal catalysts studied here. The results
show a clear dependency of the steam reforming activity on differ-
ent types of metals and a significant increase in the activity with
increasing dispersion. The experimental determination of the TOF
and the dispersion allows direct comparison and benchmarking of
the theoretical results.
2. Theoretical methodology
DFT is used as implemented in the computer code DACAPO us-
ing the RPBE exchange correlation functional [40]. Previous work
has shown that the important active sites for a number of catalytic
processes are the steps [33,41–44]. That this is also the case for
methane dissociation was also recently demonstrated for a stepped
Ni(111) surface where it was possible to separate the reactivity of
the steps from that of the terraces. The ratio of turn over frequen-
cies was found to be a factor of 200, which was in good agreement
with theoretical calculations [45]. Steps thus present a lower acti-
vation barrier for steam reforming than close-packed terrace sites
and the results presented here have therefore been calculated on
stepped surfaces. In order to establish the adsorption energetics of
hydrogenated intermediates scaling relationships were combined
with the relative energies from Ref. [46] for adsorption on the
fcc{211} surface for the close-packed (fcc and hcp) metals and
bcc{210} surface for the bcc metals.1 Unit cells of (2 × 1) peri-
odicity were used with a depth of 10 atomic layers and a vacuum
1 Experience has shown that modelling hcp with fcc stepped surface provides a
good model and captures the desired trends. However using bcc metals in an fcc
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region of 10 Å. An electronic plane wave cut-off of 340 eV was
used, with the Brillouin zone being sampled by a Monkhorst–Pack
[47] mesh of {4× 4× 1}. Pseudopotentials of the Vanderbilt [48]
type were used to describe the electronic core regions.
Linear scaling relationships were used as discussed in refer-
ence [49]. In brief, the basic theory shows that an estimate of the
adsorption energy of a given species is obtained from a linear re-
lationship having a slope given by the valency parameter γ . If we
have calculated the energy of all reaction intermediates, 1EAHxM1 ,
for one metal, M1, we can therefore estimate the energy, 1EAHxM2 ,
of the same intermediate on another metal, M2, from the adsorp-
tion energies of atom A on the two metals as:
1E
AHx
M2 =1EAHxM1 + γ (x)
(
1EAM2 −1EAM1
)
, (1)
where γ is given by (xmax − x)/xmax , where xmax is the number
of hydrogen atoms required to provide sufficient electrons to fulfill
the octet rule of a given atomic species and x is the number of
hydrogen atoms in the species for which the adsorption energy is
determined.
This approach allows us to screen a wide range of metals [50],
achievable through the knowledge of either the adsorption en-
ergy of the parent atom in question and the knowledge of all the
species on a single metal. This paper has used values calculated
from full DFT calculations carried out on Ru {101¯5} surfaces for
M1, and used a database of adsorption energies [46] to obtain the
values for M2.
Two further relationships are necessary to fully parameterise
the adsorption energies required for the steam reforming process.
They relate the adsorption energy of CO to C and also the adsorp-
tion of H to C. For the purposes of this paper they are presented
in a phenomenological fashion and further details, along with the
calculated DFT energies can be found in the supporting material.
In order to determine scaled values for the transition state,
it is also possible to use linear energy relationships determined
from DFT calculations. An example of such a class is the so-
called Brønsted–Evans–Polanyi relationship (BEP) [51]. The transi-
tion state barrier for a process is plotted against 1E of the ele-
mentary step or another suitable descriptor. It is often found that a
linear scaling does exist and the dependence on the barrier height
to the descriptor can thus be obtained. This approach has been
used to determine an expression for the CO formation step [52]:
1EAct.C∗+O∗→CO∗ = α1ECO∗−C∗−O∗ + β, (2)
where 1EAct.C∗+O∗→CO∗ is the activation barrier for CO formation,
1ECO∗−C∗−O∗ is the energy of reaction for the formation of ad-
sorbed CO from adsorbed C and O, α and β are parameters from
the straight-line fit. The relationship determining the CH4 dis-
sociation barrier is derived from the BEP relationship between
the activation barrier for CH4 dissociation, 1E
Act.
CH4(g)→CH∗3+H∗
, and
the energy of reaction for the dissociative adsorption of CH4,
1ECH∗3−H∗−CH4(g):
1EAct.CH4(g)→CH∗3+H∗ = α1ECH∗3−H∗−CH4(g) + β. (3)
The equation is based on a linear relationship between the ad-
sorption energy of C and the adsorption energies of both CH3 and
H and that the energy of CH4(g) is constant. By plotting the barrier
height for CH4 dissociation against the adsorption energy of C we
obtain a linear relationship, which to a first approximation gives
us the activation barrier for a particular metal. The supporting in-
formation should be consulted for diagrams and tables describing
these relationships.
structure is often more problematic, hence the need to model them explicitly with
a bcc surface.
Thermodynamic analysis can be carried out using the total en-
ergies (E) obtained from either full DFT or scaling methods as
input. In this study free energies have been calculated by employ-
ing standard formulas from statistical thermodynamics [53]. For
the gas-phase species (X) at temperature (T ) and pressure (P ), the
Gibbs free energy (G P ,TX ) is given by:
G
P ,T
X = EX + EZPE +1H0,T − T ST + kBT ln(P/P0), (4)
where EZPE is the zero point energy, 1H0,T is the enthalpy change
due to increasing the temperature from 0 K to T , ST is the en-
tropy at T , kB is Boltzmann’s constant and P0 is standard pressure
(taken to be 1 bar). The equation for calculating the energy of the
adsorbed species (X′) on metal (M), EX′ , is given by: EMX′ − EM .
There is no pressure term and the enthalpy change is replaced by
the change in internal energy. This leads to the following expres-
sion for (G P ,TX′ ):
G
P ,T
X′ = EX′ + EZPE +1U0,T − T ST . (5)
The vibrational frequencies used within this work to determine
EZPE , 1U0,T and ST are calculated within the harmonic approx-
imation (n.b. configurational entropy is not included). There are
clearly issues regarding the validity of this approximation, partic-
ularly to the low frequency modes of surface species and internal
molecular rotation around bonds. However, there is at present no
simple alternative method. Given that we are considering temper-
atures on the order of 1000 K it is believed that a larger source
of error would result from leaving the contributions out. Further-
more, only one set of vibrational calculations was carried out, on
the Ru{1015} surface, the values obtained were then used for the
other metals. This was done primarily because carrying out the
vibrational frequencies on every metal would be computationally
expensive, and secondly in the spirit of utilizing the scaling re-
lationships in order to reduce the computational cost; it would
require full DFT calculations of every species on every surface to
obtain all of the vibrational frequencies. Again there is undoubt-
edly some error introduced from this approximation, but it will
still enable the essential aspects of the temperature dependency
to be captured, and the variations in entropic contributions over
the different surfaces are likely to be significantly smaller than the
variations in adsorption energetics [54].
Once the thermodynamic quantities are determined, we are in
a position to construct the kinetic model. In order to do this, two
important relationships are needed. The first relates the standard
free energy change of an elementary reaction step, to the equilib-
rium constant of a reaction:
K i = exp
(−1G0,T
i
kBT
)
, (6)
where K i is the equilibrium constant of elementary step i. The
second relates the standard free energy of activation, 1GAct.
i
(for
those steps that cannot be considered at equilibrium) to the rate
constant (ki), which in transition state theory is:
ki =
kBT
h
exp
(−1GAct.
i
kBT
)
, (7)
where h is Planck’s constant. This expression can be evaluated for
both the forward and reverse reaction, along with the relevant
coverages or gas-phase pressure of an elementary step in order
to obtain the net rate of the particular step in question. The ele-
mentary steps considered in the steam reforming reaction will be
presented with some discussion later in the paper.
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Table 1
Overview of the catalysts investigated in this paper. The varying treatments are
given by aging time and temperature. This gives rise to varying particle sizes and
dispersions. The activity is given as a turn-over frequency (TOF)
Catalyst Support Aging
time
(h)
Aging
temper-
ature (K)
Average par-
ticle diameter
(nm)
Disper-
sion
(%)
TOF
at 773 K
(s−1)
1 wt% Rh-1 ZrO2 – – 2.7/2.2a 32.3 12.5
1 wt% Rh-2 ZrO2 228 1103 8.4 10.6 1.8
5 wt% Rh-3 ZrO2 – – 4.5 21.0 7.4
5 wt% Rh-4 ZrO2 72 1103 8.2 11.0 3.6
5 wt% Rh-5 ZrO2 600 892 6.5 12.7 6.2
5 wt% Rh-6 ZrO2 600 946 7.0 12.8 4.7
5 wt% Rh-7 ZrO2 600 1067 9.8 9.5 2.5
5 wt% Rh-8 ZrO2 600 1096 11.1 7.6 2.0
1 wt% Ir-1 ZrO2 – – 1.4/1.7a 82.2 2.3
1 wt% Ir-2 ZrO2 228 1103 2.9 28.4 2.1
1 wt% Ru-1 ZrO2 – – 4.2/2.1a 48.1 19.9
1 wt% Ru-2 ZrO2 228 1103 7.2 10.8 1.1
1 wt% Pt-1 ZrO2 – – 1.9/2.3a 58.4 2.5
1 wt% Pt-2 ZrO2 228 1103 3.9 23.8 0.5
1 wt% Pd-1 Al2O3 – – 21 54.1 1.3
14.8 wt% Ni-1 MgAl2O4 – – 6.1 20.0 1.0
2.4 wt% Ni-2 Al2O3 – – 2.7/2.8a 35.9 1.9
10 wt% Ni-3 Al2O3 – – 2.6 40.5 2.0
a Ex situ/in situ measurements.
3. Experimental methods
3.1. Catalyst preparation and pre-treatment
A series of eighteen different catalysts were prepared for study-
ing the methane steam reforming reaction over noble metal cat-
alysts. Three different support materials were used in the prepa-
ration, an yttrium (3 mol%) stabilised ZrO2 support, a θ -Al2O3
support and a MgAl2O4 spinel support with BET areas of 16, 116
and 18 m2/g, respectively.
The metals (Ru, Rh, Ir, Pt, Ni and Pd) were impregnated
by the incipient wetness method using aqueous solutions of
Ru(NO)(NO3)3, Rh(NO3)3, IrCl3·4H2O, Pt(NH3)4(NO3)2, Ni(HCOO)2,
Ni(NO3)2 and Pd(NH3)4(HCO3)2. 1 wt% metal catalysts and 5 wt%
Rh catalysts were prepared using the ZrO2 carrier. On the Al2O3
support, three samples (2.4 wt% Ni, 10 wt% Ni and 1 wt% Pd) were
made. Finally, a 14.8 wt% Ni sample was prepared by impreg-
nation on the MgAl2O4 support. All the eighteen catalysts were
subsequently heated to 723 K in air followed by reduction in pure
hydrogen at 1 bar and 798 K according to [4,55].
To obtain varying particle sizes, six 5 wt% Rh/ZrO2 catalysts
were aged for up to 600 h at different temperatures between 873
and 1103 K in H2O/H2 mixtures (H2O:H2 = 1:1) at 31 bar total
pressure. Samples of 1 wt% Rh/ZrO2, 1 wt% Ir/ZrO2, 1 wt% Ru/ZrO2
and 1 wt% Pt/ZrO2 were aged at 1103 K for 228 h in a similar gas
mixture. The ageing procedures rendered a total of 18 catalysts,
which are listed in Table 1.
After reduction or ageing treatments, all catalysts were exposed
to N2 while cooling to room temperature and passivated at room
temperature by exposure to a flow of 1% air for several hours be-
fore exposure to air. After this passivation procedure the catalysts
were removed from the reactor and transferred in ambient envi-
ronment to the different characterization setups.
3.2. Activity measurements
The rates of steam reforming of the catalysts were measured
using a fixed bed steel reactor with an internal diameter of 7.1 mm
and a thermo well with a diameter of 1.8 mm mounted inside the
reactor. 10–120 mg of each catalyst was crushed to a sieve fraction
of 0.3–0.5 mm and mixed with catalytically inert MgAl2O4 with
the same grain size to obtain a total mass of 300 mg. The mixture
of catalyst and inert material was placed in the reactor on wads of
quartz wool supported on a metal plate with holes. The resulting
bed height was approximately 11–12 mm. After insertion, the cata-
lysts were first re-reduced in H2 at 1 bar and 623 K. Subsequently
the rate of methane steam reforming was measured at 773 K us-
ing a gas mixture of 19% CH4, 7% H2 and 74% H2O at a total flow
of 21.6 Nl/h and ambient pressure. At the reactor outlet, steam
was condensed and the composition of the dry gas was analysed
by a gas chromatograph (GC). The conversion was calculated from
the GC analysis and the rate of methane consumption in the reac-
tor was determined based on the methane inlet flow. The overall
conversion in the reactor was used to calculate the local rate of re-
forming at the top of the catalyst bed by assuming that the rate (r)
is described by the following expression for reforming:
r = k(T )p(CH4) (8)
in accordance with the results recently obtained by Wei and Igle-
sia [16]. In contrast to Wei and Iglesia, we have performed kinetic
studies mainly around >723–823 K which represents typical tem-
peratures at the inlet of tubular reformers and in pre-reformers
[19]. At the higher temperatures used by Wei and Iglesia, the re-
action gas will be close to equilibrium in a tubular reformer with
the axial temperature gradient as the main driving force for the
reaction [19]. The conversions were always small (<15%) and no
corrections were therefore needed to account for the finite ap-
proach to equilibrium.
3.3. Transmission electron microscopy
All catalysts were investigated by means of transmission elec-
tron microscopy (TEM) in order to determine the particle size
distributions (PSDs), an average metal particle diameter, and the
metal dispersion. Measurements were done ex situ using a Philips
CM200 FEG and a Philips CM300 FEG electron microscope. For ex
situ microscopy, a TEM specimen was prepared of each catalyst
under ambient conditions by crushing the passivated catalyst to a
fine powder and dispersing the powder on Cu grid covered with
a holey carbon film. TEM images were recorded using a 1k × 1k
CCD camera at different magnifications corresponding to an image
pixel size in the range of 0.08 nm to 0.45 nm. In order to enhance
image contrast of the metal nanoparticles, an objective aperture
was employed with a cut-off at 0.20 nm (CM200) or 0.24 nm
(CM300).
Experiments were also performed in situ using environmen-
tal TEM (ETEM) in order to explore whether passivation affects
the metal particle size. The ETEM experiments were done using
a Philips CM300 FEG electron microscope equipped with an envi-
ronmental cell [56]. In the ETEM experiments, the catalyst powders
were distributed on a Mo TEM grid and exposed to 2.0 mbar H2 at
773 K for about 1 h to re-reduce the catalyst. Subsequently, images
were recorded in situ with the catalyst exposed to 1.2–1.6 mbar H2
at 773 K. TEM images were recorded using a 1k × 1k CCD at a
magnification corresponding to an image pixel size of 0.12 nm. An
objective aperture was employed with a cut-off at 0.26 nm.
From the TEM or ETEM images, the metal nanoparticle diam-
eters are determined from the projected area of the particles as-
suming that the particles are spherical. The resulting particle size
distributions allow surface-averaged diameters to be compared to
sulphur chemisorption experiments and volume-averaged particle
diameters to be compared to the average particle diameters ob-
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tained by XRD methods.2 The surface-averaged particle diameter is
given by
ds =
∑
nid
3
i∑
nid
2
i
where ni is the number of particles with diameter di . Likewise, the
volume-averaged particle diameters are given by
dv =
∑
nid
4
i∑
nid
3
i
.
The dispersion can then be determined from the total surface area
(Atot) and the total volume (V tot) determined from the particle size
distributions by the following equation:
D = Atot
V tot
· v
s
= 6 ·
∑
nid
2
i∑
nid
3
i
· v
s
, (9)
where v is the atomic volume and s is the surface area per atom.
If we assume that the close-packed surfaces which have the lowest
surface energies are dominant, then it is possible to calculate the
dispersion for an fcc(111) metal particle by
D =
∑
nid
2
i∑
nid
3
i
· 6a√
3
and for an hcp(0001) metal particle by
D =
∑
nid
2
i∑
nid
3
i
· 3 · c,
with a and c being the lattice parameters.
3.4. X-ray powder diffraction
The 5 wt% Rh samples were analysed by X-ray powder diffrac-
tion (XRPD) to determine the average rhodium crystallite sizes
of selected samples. It should be noted that crystallite sizes ob-
tained by XRD are volume averaged. The XRD measurements
were performed on a Philips X’Pert Pro θ–θ diffractometer with
Bragg–Bretano geometry, a variable divergence slit and a graphite
monochromator using CuKα radiation. Average metal crystallite
sizes were obtained from the line broadenings of the Rh(200)
diffraction line, corrected for the instrumental broadening, using
the Scherrer equation.
3.5. Sulphur chemisorption
Sulphur chemisorption was used for estimating the diameter of
the metal crystals of the zirconia supported Rh catalyst accord-
ing to [16,19]. As there are no systematic studies published on the
H2S/Rh system, the use of the correlation for metal crystal size
and sulphur uptake as for nickel [19] represents a simplification.
In brief, the catalysts were exposed to a H2S/H2 gas mixture until
saturation. After sulphidation, the sulphur uptakes of the catalysts,
in µg sulphur per gram catalyst (ppm), were determined by oxida-
tion of the chemisorbed sulphur at high temperature and measur-
ing the amount of generated SO2 by means of infrared detection.
The sulphur chemisorption capacity (scap) was used to estimate
the dispersions and surface-averaged metal particle diameters. For
nickel catalysts it is possible to correlate the sulphur chemisorption
and the diameter [19]. However, for Rh catalysts the conversion
2 There is not any particular merit to one or the other technique, but one needs
to be aware of the subtle difference in the information obtained, due to the nature
of the technique.
of the sulphur uptake to a metal area, a surface-averaged metal-
diameter and a metal dispersion is less well studied. The maxi-
mum coverage of sulphur at nickel is approximately 0.5 and this
value is also assumed to be the maximum coverage of sulphur on
Rh. The total number of metal surface atoms per weight, Nsurface ,
may then be calculated from the sulphur capacity, scap. (wt. ppm),
the molar mass of sulphur, Ms (g/mol), the coverage of sulphur,
θs , and Avogadros number NA
Nsurface = NA
scap
Msθs
10−6. (10)
The total number of Rh atoms in the catalyst can then be calcu-
lated from the weight percentage of the metal, X , and the molar
mass of the Rh, Mx (g/mol)
Ntotal = NA
X
Mx · 100
. (11)
Combining Eq. (10) and Eq. (11) it is then possible to estimate
the dispersion of the metal based on a measurement of the sul-
phur capacity
D = 1
θs
Mx
Ms
scap
X
10−4. (12)
For Rh (fcc metal) is possible to estimate the average particle
diameter based on the dispersion by combining Eq. (12) and Eq. (9)
d= θs
Ms
Mx
X
scap
6v
s
104, (13)
where v and s are the volume and surface area of the metal x in
the catalyst as given previously assuming closed packed surfaces.
4. Theoretical results
The theoretical part of the paper will develop the picture of
steam reforming in a sequential manner. Starting from the simple
energetic picture, we then build up the complexity by introduc-
ing reaction conditions such as pressure and temperature through
thermodynamic considerations, and finally we turn the theoretical
picture into a micro kinetic model of the steam reforming process.
The discussion will unfold primarily to address what key param-
eters are important for the reaction and to establish a consistent
picture of the reaction.
4.1. Thermodynamic analysis
We shall begin by considering what can be learnt by applying
the scaling relationships to the construction of an energy diagram
for steam reforming. Fig. 1 illustrates the overall energy diagram
that can thus be constructed. Even this most simple diagram is
extremely instructive, for a number of reasons. This allows one
to momentarily take a step back from the intricate details, and
to observe the overall trends in steam reforming reactivity of the
pure metals. It is immediately observed that the noble metals Au,
Ag and Cu are completely unsuitable for steam reforming with
the reaction steps from CH4(g) + H2O(g) all the way to C∗ + O∗
being significantly uphill energetically. We can also consider the
other extreme where W binds C∗ and O∗ so strongly that they
are unlikely to react off easily, and in fact W is found to be oxi-
dised under these conditions. In Fig. 1 a region of metals can be
discerned, bounded by Pt and Ru, for which the reaction looks rea-
sonably favourable.
When one considers the overall reaction, it can be seen that
the reaction from left (reactants) to right (products) is uphill (en-
dothermic) and it can also be observed from the stoichiometry of
the reaction that the entropy is increasing (four product molecules
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Fig. 1. The potential energy diagram for steam reforming, as determined from the
linear scaling relationships. Here a range of metals from noble to highly reactive are
considered.
per two reactant molecules). This second point is particularly im-
portant because it implies that the T1ST in the expression for the
gas-phase free energy will become increasingly significant as the
temperature increases. It is therefore essential to run the reaction
at high temperature in order to obtain a significant conversion.
Furthermore, it is important to consider the energetics under these
elevated temperatures in order to simulate some of the subtleties
that arise.
For clarity of discussion the focus will now be on the subset of
most relevant metals, namely those in Fig. 1 that are bounded by
Pt and Ru (i.e. Pt, Pd, Ni, Rh, Co, Ru). For these the thermodynamic
terms at specific temperatures are now included for the purpose
of calculating 1G0,T . In order to facilitate the subsequent discus-
sion, a temperature of 773 K will be used for the main body of the
text. This is because the presented experimental work has been
carried out at this temperature. In the supporting material graphs
are included that correspond to higher temperatures (1000 K) as
well as conditions which match those used in the work of Wei
and Iglesia (873 K). Fig. 2 shows the reaction free energy profile
at 773 K. It is observed that the overall standard free energy is in-
creasing by a little less than 0.5 eV. It should be noted that we
do not achieve a negative change in free energy at standard pres-
sure for the reaction until ∼900 K (however if we apply 1 bar of
pressure and 10% conversion at 773 K we do in fact drive the final
state down to the level of the initial state, implying that equilib-
rium at 773 K gives 10% conversion). What is clearly evident under
these conditions is that Pt and Pd are very unfavourable for the
adsorption and dissociation of molecular water. Furthermore, we
can see that the entropy loss for the dissociative adsorption of
molecular CH4 has driven up the free energy level for this step,
suggesting that this step could be rate determining under certain
conditions.
We now turn our attention to Fig. 3 which is constructed us-
ing data at the same temperature as Fig. 2, but this time with
the pressure contributions included, allowing us to get a different
perspective. Fig. 3 illustrates the relative 1G1,773 of each impor-
tant surface intermediate, where rather than just examining the
standard free energies we see the influence of varying the pres-
sure upon the surface stability of each species. The conversion of
methane is set at 10% and CO, CO2, H2 and H2O are assumed to
be equilibrated in the water gas shift reaction. The partial pres-
sures for these four gasses are used to determine 1G1,773 for each
Fig. 2. Standard free energy reaction scheme for steam reforming at 773 K. The
noble metals Cu, Ag and Au are now removed from consideration as are the metals
that are to reactive and known to form oxides under the reaction conditions. DFT
was used to calculate the energies of C∗ , O∗ and the gas phase species (as well
as the Ru data which all other data was referenced to). Scaling relationships were
used to determine the energies of the hydrogenated species. The data are calculated
using scaling relationships to determine total energies of hydrogenated species and
DFT of those remaining.
Fig. 3. Free energies of the most important surface species involved in steam re-
forming, referenced to CO(g), H2O(g) and H2(g) for steam reforming at 773 K, 10%
conversion at 1 bar total pressure and assuming that the shift reaction is equili-
brated. The data are calculated using scaling relationships to determine total ener-
gies of hydrogenated species, and DFT of those remaining.
surface species. Details are given in the supplementary material.
Through this we can get an understanding of which species are
likely to be present on the surface, and if indeed we would expect
any poisoning effects. Co adsorbs O and OH more strongly than any
of the other metals under consideration and it is therefore highly
likely to be O poisoned (Ru is the only other metal, which has O
and OH species at a negative free energy). Apart from these species
it can be seen that we would expect the surface to be very clean
under steam reforming conditions.
4.2. Analysis of reaction barriers
The important metals for steam reforming catalysis have now
been identified and the thermochemistry of the reaction inter-
mediates has been established. The next step is to consider the
reaction barriers. In order to do this we shall first look at the
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Fig. 4. Reaction free energy scheme including reaction barriers for steam reforming
over stepped Ru and Ni. The plot has been constructed using DFT calculations and
normal-mode analysis for the total free energies at 773 K.
DFT results for Ni and Ru. Ni is the metal of choice for the in-
dustrial process at present, primarily because of its abundance and
therefore relatively low cost. Ru, as we have illustrated from the
thermodynamic considerations, is likely to be a good candidate
for the process as well, though significantly more expensive. Fig. 4
depicts the free energy diagram for Ni and Ru, along with the bar-
riers for each hydrogenation step and the CO formation. A quick
glance suggests that having a single rate determining step may
be an over-simplification. In fact what what is seen is that for
Ni the CO formation step looks difficult, however, on Ru there is
very little to separate the CH4 adsorption and the CO formation
step.3
In order to answer the question of which step is the kineti-
cally most important, we first consider the mechanism by which
CO recombines. It was recently shown for methanation over Ni that
at high coverages of CO (close to saturation of the preferred step
site) that a dissociation mechanism involving a hydrogen atom was
favoured [57]. This mechanism required the formation of a COH in-
termediate that then dissociated into C and OH. We might expect
by time reversal that the reverse of this mechanism would hold for
steam reforming. However, under steam reforming conditions we
have a low CO coverage (Fig. 3). At these coverages the direct dis-
sociation/association transition state is found to be the more stable
pathway. For the CH4 dissociation we have used a direct dissoci-
ation from the gas phase molecule, since this again is favoured at
low coverages due to the need of an empty site in which to disso-
ciate.
It has been shown recently by Inderwildi et al. [58,59] that
on close packed surfaces a formyl pathway is favourable. In fact
we find this pathway to be competitive for stepped Ru. However,
in treating the general mechanistic overview for a series of met-
als the CO step is thought to be sufficient. Particularly in light of
the fact that in the temperature ranges considered CH4 activation
dominates the Ru rate, and it is the less reactive metals (e.g., Ni)
where the CO step competes. However, if one was to go to sig-
3 Here we should just point out that we are considering the rate determining
step to be that which has the largest free energy barrier. This may be a reason-
able assumption if one considers the expression for the rate constant and the fact
that it depends exponentially on the size of the barrier. However, it is also impor-
tant to consider coverage effects and this will be addressed in the modelling of the
microkinetics.
Fig. 5. Reaction scheme illustrating the temperature dependence of the steam re-
forming reaction over Ni at standard conditions, determined from DFT total ener-
gies.
nificantly lower temperatures where CH4 did not dominate the
reaction on Ru then an alternative mechanism would need to be
included.
Using the thermodynamic analysis the discussion can be taken
a step further and used to examine the reaction profile at differ-
ent temperatures (see Fig. 5 for the plot corresponding to Ni). As
the temperature increases the entropic contribution is such that
it makes the barrier for CH4 dissociation increase relative to the
reactants free energy, whereas the free energy barrier for the CO
formation step in fact decreases. This demonstrates clearly the im-
portance of the reaction conditions on the rate of steam reforming,
i.e. as T is increased the most important barrier switches from be-
ing CO formation to CH4 dissociation. This can also be observed in
the kinetic modelling to be discussed below.
The thermodynamics shows that under the experimental reac-
tion conditions employed here, i.e. relative low temperatures, we
might expect the CO formation step to be rate determining for
most metals, but as the temperature is increased towards 1000 K
one enters the regime where CH4 dissociation is rate determining
(passing through an intermediate regime where there is no sin-
gle rate determining step). The conclusion that the CH4 dissocia-
tion rate is rate-determining at higher temperatures, is in excellent
agreement with the findings in the work of Wei and Iglesia, where
relatively high temperatures (823–1023 K) were used.
A detailed picture of steam reforming has now been estab-
lished, primarily based upon thermodynamic considerations of the
stable species and the reaction barriers. The most promising metals
have been found and subsequently the number of “good” metals
has been narrowed down. The most stable species on the surface
and the largest reaction barriers have been identified and the en-
tropy dependence of the most important reaction steps has been
established. This analysis will now be further developed and used
to parameterise a microkinetic model.
4.3. Kinetic model
From the thermodynamic analysis it was seen that for the ma-
jority of metals under consideration the surface will be relatively
clean. This implies that to a first approximation it is not necessary
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explicitly to include lateral interactions.4 We can write out our el-
ementary steps for the steam-reforming process as follows:
CH4(g)+ 2∗⇋ CH∗3 +H∗, (ES1)*
H2O(g)+ 2∗⇋ OH∗ +H∗, (ES2)
OH∗ + ∗⇋O∗ +H∗, (ES3)
CH∗3 + ∗⇋CH∗2 + H∗, (ES4)
CH∗2 + ∗⇋CH∗ +H∗, (ES5)
CH∗ + ∗⇋C∗ +H∗, (ES6)
C∗ + O∗⇋ CO∗ + ∗, (ES7)*
H∗⇋
1
2
H2(g) + ∗, (ES8)
CO∗⇋ CO(g) + ∗. (ES9)
If we treat all but steps (ES1)* and (ES7)* as quasi-equilibrated
then the overall rate for this process (assuming steady state) can
be written out as follows:
roverall = r1 = r7 = k+1 PCH4θ2∗ − k−1 θCH3θH = k+7 θCθO − k−7 θCOθ∗. (14)
From the expressions for the equilibrium constants it is possible
to replace θCO, θO , and θC at the right side of the equation above:
θCO = PCOθ∗/K9, (15)
θO = K2K3K 28 PH2Oθ∗/PH2 , (16)
θC = K4K5K6K 38θCH3/P3/2H2 . (17)
At the left side of the expression for the overall reaction rate, θH
equals:
θH = P1/2H2 θ∗/K8. (18)
θCH3 can be expressed as a function of θ∗ , with all other unknowns
(i.e. rate constants and equilibrium constants) being determined
from DFT calculations or scaling relationships, as outlined in the
methodology section:
θCH3 =
(A + B)
(C + D) θ∗, (19)
where:
A = k+1 PCH4 , (20)
B = k−7
PCO
K9
, (21)
C = k−1
P
1/2
H2
K8
, (22)
D = K2K3K4K5K 56k+7
PH2O
P
5/2
H2
. (23)
By defining the coverage of species i as the product of a ratio
(λi) and the coverage of empty sites (θ∗) we can now determine θ∗ ,
θ∗ =
1
1+∑i λi (24)
and consequently the overall rate expression given above. For the
discussion we shall use the scaling relationships to determine the
total energies and subsequently the rates. The scaling relations
4 The coverage due to the calculation set up is effectively 0.5 monolayer with
respect to the step sites. This corresponds to essentially non-interacting adsorbates,
for example lowering the coverage along the step on Ni{211} to 0.25 monolayer has
a negligible influence on the adsorption energy.
Fig. 6. Two-dimensional volcano-curve of the turn over frequency (log10) as a func-
tion of O and C adsorption energy. T = 773 K, P = 1 bar; 10% conversion. The error
bars include an estimated 0.2 eV uncertainties in the adsorption energies.
possess particularly important properties. First of all, they show
that to a first approximation only two independent variables, 1EC
and 1EO , characterise the metals. All other adsorption energies
and reaction barriers depend linearly upon these underlying vari-
ables. Secondly, rather than just calculating rates for discrete points
given by the specific elements of the Periodic Table, it is possible
to obtain the rate as a function of these two independent variables
(1EC,1EO). This allows us to probe the rate of steam reforming
in all of the T , P and adsorption energy phase space. It should be
noted that this approach is generally applicable to many processes,
where the elementary steps can be described by a scaling rela-
tionship. This greatly simplifies the understanding and reveals the
trends in reactivity. One particular advantage of the scaling method
is that it allows us to probe not only the influence of temperature
and pressure on the reaction for each metal, but also permits vari-
ation of the adsorption energy of oxygen and carbon and hence
rationalise their effect. Fig. 6 depicts the 2D plot comparing the
influence of the C and O adsorption energy on the rate at 773 K,
1 bar of pressure having a conversion of 10%. It is seen that the
peak of the volcano plot (i.e. where the rate is highest) lies close
to the region of the Ni, Rh and Ru adsorption energies, in good
agreement with the thermodynamic analysis. The peak lies in the
region where the influence of the CO formation and CH4 adsorp-
tion are roughly balanced and that there is competition between
these two processes. We do not have a single descriptor as for
some reactions, but instead require two descriptors to describe the
complete phase space; this was also found to be the case for the
water–gas shift reaction [60]. This is as expected from inspection
of the BEP relations where the CH4 dissociation barrier scales with
the C adsorption energy, yet both the C and O energy are required
to describe the CO formation barrier correctly.
5. Experimental results
The modelling in the previous section gave an estimate of the
individual reactivity at a certain set of conditions. In the following
experimental results at similar conditions from activity measure-
ments and catalyst characterization are presented. Firstly, the TEM,
XRD and sulphur chemisorption results for the average metal par-
ticle diameter and metal dispersion are described. Secondly, the
structural results are combined with measured activities to deter-
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mine the reactivity of methane per surface atom, represented as
the turn-over frequency (TOF), for the different metal catalysts.
5.1. TEM measurements
From several TEM images acquired for each sample, the particle
size distributions were determined from measurements of more
than 400 individual particles. Fig. 7 shows representative ex situ
TEM images for Rh catalysts in their fresh and aged states. From
the particle size distributions, as shown in Fig. 8, the number-
averaged particle sizes and dispersions were calculated and are
shown in Table 1. A comparison of two individual data sets ob-
tained for a single sample showed a statistical uncertainty (2σ )
of 4% in the measurements of the average particle size. The uncer-
tainty due to the microscope magnification calibration was ca. 10%.
From these contributions, the absolute uncertainty of the average
particle diameter is estimated to be approximately 14%. The TEM
images in Fig. 7 and results in Table 1 shows that the fresh samples
contained metal particles with an average diameter in the range 1–
6 nm and that the particle diameters increased and the dispersion
decreased correspondingly with ageing of the different metal cata-
lysts.
It is well-known that Ru is prone to oxidation in the surface
[61], and so one may speculate that the passivation procedure
affected the Ru particle size so the ex situ TEM measurements
revealed an incorrect particle size. The fact that the number-
averaged particle diameter for the fresh Ru catalyst is about twice
as large as for the other metals could reflect such an effect (Ta-
ble 1). Environmental TEM (ETEM) measurements were therefore
conducted to image in situ the fresh metal catalysts with 1 wt%
metal loading. These catalysts have the smallest particle sizes and
so an effect of passivation is expected to be most pronounced for
these catalysts. ETEM images of the catalysts are obtained during
exposure to 1.2–1.4 mbar of H2 at 773 K and the analysis for aver-
age particle size and dispersion is carried out in the same way as
for ex situ TEM measurements. Figs. 9a and 9b show representative
TEM images of the Ru sample obtained ex situ and in situ and indi-
cate that a larger fraction of smaller particles were present during
in situ observations. The finding is further corroborated by the re-
sults presented in Table 1, which reveal that average particle size
for the fresh Ru sample (Ru-2) was reduced by a factor of two to
2.1 nm in the ETEM experiment. In comparison, the fresh Rh, Pt,
Ni, Pd, and Ir catalysts have also been investigated thoroughly by
ETEM. For these catalysts, the results show no difference between
the ex situ and in situ determination of the average particle sizes
(Table 1). Since Ru seems to be the only metal affected by passi-
vation, we also investigated the aged Ru catalyst (Ru-2) in situ in
Fig. 8. The particle size distribution of the Rh-3 catalyst with an average particle
size of 4.5 nm (i.e. 21% dispersion). A total of 466 particles are included.
Fig. 7. TEM images of Rh/ZrO2 catalysts showing the effect of ageing. (a) Fresh 5 wt% Rh-3 and (b) aged 5 wt% Rh-8 (600 h/1096 K) with the average particle diameters of
4.5 and 11.1 nm, respectively. (c) Fresh 1 wt% Rh-1 and (d) aged 1 wt% Rh-2 (228 h/1103 K) with average particle diameters of 2.7 and 8.4 nm, respectively.
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Fig. 9. Ex situ and in situ microscopy of Ru/ZrO2 . (a) TEM image and (b) ETEM image (1.4 mbar H2 , 773 K) of the fresh Ru catalyst (1 wt% Ru-1). The average particle size
was 4.2 nm and 2.1 nm under ex situ and in situ conditions, respectively. (c) TEM image and (d) ETEM image (1.4 mbar H2 , 773 K) of the aged Ru catalyst (1 wt% Ru-2). The
average particle size was 7.2 nm and 7.5 nm under ex situ and in situ conditions, respectively.
the H2 environment by ETEM. Figs. 9c and 9d indicate that the Ru
particles in the aged catalyst apparently had similar size in the ex
situ and in situ observations and Table 1 further show that the av-
erage particle size was large (Ru-2: 7± 0.3 nm) and independent
of whether the measurements were performed in situ or ex situ.
Hence, the passivation procedure reduced the visibility of 2–4 nm
wide Ru particles whereas the effect was less significant for the
other metals and larger Ru particles. In order to accurately deter-
mine the TOF and dispersion of the fresh ruthenium catalyst, we
therefore used the average particle size obtained from in situ obser-
vations using ETEM. For the other catalysts the particle diameters
obtained ex situ were used.
5.2. Characterization by sulphur chemisorption and XRD
To confirm the average particle sizes determined by TEM, the
5 wt% Rh catalysts have been characterized by integral methods in-
cluding sulphur chemisorption and XRD. In Fig. 10 (left) is shown
the good correlation between the average diameter obtained by
sulphur chemisorption and the surface-averaged diameter obtained
by TEM. Fig. 10 (right) shows that the average crystal sizes de-
termined by XRD show the same level as the volume-averaged
diameter obtained by TEM. However, the crystallite diameter as
obtained by XRD is smaller than actual particle size. The discrep-
ancy could likely be due to twinning of the individual Rh particles
(Fig. 11), which causes particles to appear as polycrystals so that
the average crystal size becomes smaller than the average particle
size. Hence, it is expected that the diameters determined by XRD
fall below those obtained by TEM.
5.3. Activity measurements
All catalysts were tested for their activity in steam reforming
of methane. The series of Rh catalysts were prepared to obtain a
variation in particle sizes so that any structural effect on the ac-
tivity can be revealed. The remaining Ru, Ir, Pt, Pd and Ni catalysts
were tested to allow a ranking of the different metals with respect
to their TOF. In the activity measurements, the catalyst amount
was adjusted to a conversion of about 10%, and definitely less than
15%. The steam-to-carbon ratio was set to 4. The turnover rates of
the catalysts are given in Table 1 and plotted versus dispersion in
Fig. 12. For the Rh catalysts, there is a pronounced dependence of
the turnover rate on the dispersion; i.e. the turnover number is
increasing with higher dispersion and smaller particle sizes. This
finding indicates that the activity depends on the detailed surface
structure of the nanoparticles and that the low-coordinated sur-
face sites play an important role for the relative activity of the
active metals for steam reforming because smaller particles are ex-
pected to expose a larger fraction of low-coordinated sites than
larger particles [62,63]. It is particularly interesting to note that
for Rh, the turnover rate increases nearly linearly with dispersion.
Fig. 12 shows that by comparing the different metals at the same
dispersion (e.g., 0.4) that the activity is highest for Rh and Ru-
based catalysts and is decreasing in the following order: Rh ∼ Ru
> Ni ∼ Ir ∼ Pt ∼ Pd.
6. General discussion
The 2D volcano plot of the steam reforming rate (Fig. 6) shows
the peak activity to be at a slightly lower C adsorption energy than
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Fig. 10. Diameter by sulphur chemisorption vs. surface average diameter (left). Diameter by XRD vs. volume averaged diameter (right).
Fig. 11. TEM image of Rh/ZrO2 (Rh-6) showing twinning plane in a Rh nanoparticle.
that of the pure metals with the highest activity (Ru, Rh and Ni).
If we raise the temperature, the peak of the volcano moves out
to even lower C adsorption energies, however, the general reactiv-
ity trend is maintained with the activities of Rh, Ni and Ru being
almost indistinguishable (see supplementary materials for further
information). If we turn our attention to the experimental order
of reactivity (Fig. 12) at constant dispersion (e.g., 0.4) we see that
Rh and Ru have a comparable and high activity while Ni, Pt, Ir,
and Pd have lower and comparable activities at similar dispersions.
It should be noted however that the theoretical determined rates
drop off considerably faster than those determined experimentally,
as one moves towards the more noble metals (see supporting ma-
terial for more details). This is actually observed for several cat-
alytically interesting systems [64] however up to now the precise
reason has remained elusive. An important part of the answer is
that the accuracy of calculated rates are considerably smaller away
from the maximum where the compensation between different el-
ementary reactions makes the overall rate quite independent of
the absolute value of the interaction energies. Away from the max-
imum the error in an activation energy of the order 2kT will show
up as an order of magnitude error in the rate. Other possible rea-
sons may well be that the rate becomes so low out in the tail of
the volcano that another process is causing the catalytic turnover.
This could be a reaction path different from the one prevailing
for the most active catalysts or it could be that defects or even
impurities start to dominate. In these cases we are no longer mea-
suring the rate due to the metal present. If other processes take
over this is a sign that the rates are small anyhow and the calcu-
lations still describe the right trends. The important point is that
we are able to get reasonable rates close to the maximum (where
they are most interesting) and that we can describe the trends as
discussed below.
Fig. 12. Reaction rate as a function of dispersion for CH4–H2O reforming (773 K,
0.19 bar CH4 , 0.74 bar H2O, 0.07 bar H2). Ru (!), 5 wt% Rh (Q), 1 wt% Rh (1),
Ni (2), Pt (1), Ir (") and Pd (F).
Overall the picture we have is that under the assumption that
the support effects are negligible the trend from our experimental
work is as follows:
Ru ∼ Rh > Ni ∼ Ir ∼ Pt ∼ Pd
and the following trend from theory:
Ru > Rh > Ni > Ir > Pt ∼ Pd.
Whereas there is not exact agreement the general trends are
the same and it must be borne in mind that we have a number
of sources of error both in the experiments and in the modelling.
For instance, some of the discrepancy in the exact trend might re-
sult from the morphology of the nanoparticles under experimental
conditions.
From inspection of the slopes in Fig. 12, it can be observed
that there is a reasonably linear dependence between the TOF
and dispersion. The TOF has been extracted from the experimen-
tal data assuming that the process proceeds at all surface sites i.e.
TOF = r/A, where r is the rate and A is the surface area. How-
ever, this may not be the case since we have seen that the steps
and defects are much more reactive due to under-coordination ef-
fects. Therefore the rate can be written not as due to atoms sitting
at the terraces but due to those sitting at the steps and corners.
It would be more correct to write the rate as a sum over these
different contributions as follows:
r = ktAt + ksAs + kcAc, (25)
where the subscript t, s, c referrers to terrace, steps, and corners
respectively. This means that the TOF can be written as a sum that
scales as:
TOF= r/A ∼= kt + ksgs
1
d
+ kcgc
1
d2
∼= kt + ksg′sD + kcg′cD2, (26)
where the geometrical factors (g) are constants since the disper-
sion, D = A/V , where V is the volume, scales as 1/d for not too
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small particles. The important message here is that if only the ter-
race atoms are active the TOF would appear constant as a function
of dispersion, while if steps are dominant it would increase lin-
early and if corners are dominant it would increase by the square
of the dispersion.
The observed increase in the TOF shown in Fig. 12 clearly in-
dicates that the reactivity is dominated by steps and corners and
is in good agreement with theoretical results. A more detailed de-
scription like the one found in [57] is not possible at this stage.
The morphology may change with chemical gas composition and
temperature and thereby also influence the reactivity.
The input energies for the kinetic model are all determined
from the same technique (i.e. DFT and scaling relationships), rather
than a mixture of experimental techniques and theory, hence we
would expect most systematic errors to cancel out. However, there
are potential errors we should consider: We expect the DFT ad-
sorption energies to possess errors of approximately 0.2 eV, how-
ever, we expect energy differences to be more accurate. The ap-
plied scaling relationships show a mean absolute error of 0.14 eV
as detailed in reference [49]. These uncertainties must also be con-
sidered in the context of the volcano plot, where such errors are
not expected to perturb the reactivity trends significantly. Abso-
lute rates may therefore deviate by a few orders of magnitude,
but the calculated reactivity trend is not expected to deviate from
experiment. This is particularly important when considering the
predictive power of the theoretical model.
It is evident that both our theoretical and experimental reac-
tivity trends are in reasonable agreement with Kikuchi et al. [13],
Rostrup-Nielsen and Hansen [4,12] and Qin et al. [9]. However, the
reactivity trend reported here is significantly different from that
obtained by Wei and Iglesia [11], though all metals are within an
order of magnitude. The reason for this discrepancy is not known,
but we will now proceed to discuss some of the differences be-
tween the present experimental work and the work of Wei and
Iglesia.
First the experimental conditions will be considered. Wei and
Iglesia work at slightly higher temperatures than we do (823–
1073 K vs. 773 K). They find the rate-determining step to be
methane activation in good agreement with our theoretical work,
which shows that the rate-determining step switches from the CO
formation step to the methane activation step in this tempera-
ture regime in accordance with the previously suggested two-step
mechanism. There is general agreement that steam reforming is
first order in methane [4], but an overall negative pressure depen-
dency in our previous measurements [4] differs from the results of
Wei and Iglesia [11] that showed no impact from other reactants
than methane. This may be explained by the different tempera-
tures and pressures involved. Using extrapolation of data for the
retarding effect of steam for ethane reforming [19] shows that it
becomes negligible above 900 K.
Wei and Iglesia have in some cases used high conversion com-
pared to what was used here, as indicated by their reported ap-
proach to equilibrium. We have therefore increased the conversion
in our theoretical model to 30% in order to see what influence this
may have. This has the effect of moving the peak of the volcano
towards the Rh, Ni and Ru points, essentially leaving us with the
same trend as we observed at the lower conversion of 10%. This
evidence implies that it is not a difference in the conversion that
is responsible for the difference in the reactivity trends. Theory
also shows that the surface coverages are small at higher temper-
atures, which also corresponds with the work of Wei and Iglesia
who report the same findings experimentally.
Support effects were mentioned in the introduction and it has
previously been shown that the support has limited effect on the
activity of the individual metals [12,15], provided that the support
is alkali-free. Even traces of alkali may have a significant effect on
the activity [4,12,19]. The only significant support effect expected
here is the variance of metal dispersion on different supports [11].
Since the dispersion was determined here by various methods and
very thoroughly by TEM, it is not likely that the reported differ-
ences arise from support effects. If neither the temperature, con-
version nor the coverage effects account for the difference in the
reactivity trends, then we can expand the considerations to the ex-
perimental set-up and analysis.
The initial catalyst grain size in this investigation was 300–
500 µm. Interestingly, we observed in activity tests with smaller
catalyst grains or very fine catalyst powder tabletted with catalyt-
ically inert material and crushed again according to the method
used by Iglesia and Wei, resulted in a significant loss of activity
at 823 K and above. After some time the activity stabilized but
at a lower level than the activity obtained for the medium sized
particles (300–500 µm). This phenomenon has been tested and ob-
served for reforming catalysts containing Rh, Ru, and Ni. At present
it is speculated that support effects are causing this deactivation,
possibly a weak metal support interaction as observed for example
for Rh on Al2O3 [65,66] and ZrO2 [67]. This phenomenon justified
the chosen catalyst particle size in our experiments. The tempera-
ture used in this study of 773 K was chosen to get a stable activity
and to measure at a temperature where catalyst activity is most
important in tubular steam reformers [19]. No quantitative mea-
surements of the decrease in activity have been performed, but
qualitatively a difference is observed in the effect on the different
metal/support systems. Therefore deactivation of the catalyst to a
different extent could change the ranking of the various metals
with respect to their reforming activity. We note that if we extrap-
olate the TOFs measured by Iglesia and Wei to 773 K using their
measured activation energy of 91 kJ/mol we estimate a TOF that is
approximately 20 times smaller than our corresponding values. In
relation to this we will turn to a discussion of measured methane
sticking probability.
Iglesia and Wei suggest that there is a large discrepancy be-
tween the CH4 sticking probabilities measured on single crystal
Ru(0001) [18] and those extracted from their rate data. From the
data of Wei and Iglesia [11] we estimate the CH4 sticking coeffi-
cient as:
S(T )= kNo
√
2πmkBT ,
where k is the experimental rate constant of the methane disso-
ciation (which under the assumption that the surface is free of
adsorbates) is equivalent to the TOF in s−1 Pa−1 and No is the
area density of the exposed metal atoms on the catalyst at the
hcp closed packed surface (e.g., 1.57×1019m−2 for Ru(0001)). This
gives a value of 0.13×10−6 . The sticking coefficient measurements
on single crystals were carried out between 500 K and 700 K [18].
Using the measured activation energy of Ea = 0.55 eV for the sin-
gle crystal experiment, this value has been extrapolated to 873 K
to give a sticking coefficient of 19× 10−6 . As pointed out by Wei
and Iglesia this is two orders of magnitude larger than their value.
We can use a similar procedure to extract a sticking coefficient
from our rate data. In the case of Ru at 873 K we get a value
of 3.5 × 10−6 , much closer to the single crystal value. The DFT
calculations give a value of 6.3 × 10−6 , but here the very good
agreement is fortuitous, given the uncertainty in the calculated ac-
tivation energy. All the numbers for sticking coefficients and TOF
are summarized in Table 2.
We conclude that the CH4 dissociation rate measured by Wei
and Iglesia for methane decomposition over Ru is considerably
lower than the one extracted from our catalytic data, which is in
reasonable agreement with the single crystal data. Abbott and Har-
rison [17] suggested that the experimental conditions used during
the methane decomposition measurement of the sticking coeffi-
cient of CH4 on ruthenium by Wei and Iglesia [11] will lead to an
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Table 2
Sticking coefficients at 873 K and CH4 turnover rate at 773 K for Ru catalyst
Sticking
coefficient (×106)
873 K
Forward CH4
turnover rate (s−1)
773 K
Reference
DFT/scaling relations 6.3 0.64 This study
1.0 wt% Ru/ZrO2 3.51 19.9a This study
3.2 wt% Ru/γ -Al2O3 0.13 0.83 [6]
Ru(0001) 19 [18]
a 48.1% dispersion, 0.19 bar CH4 , 0.07 bar H2 , 0.74 bar H2O. Total flow rate
24 Nl/min.
underestimation. At the conditions stated in [11], we calculate an
ideal transient to pass through the catalyst bed in about 0.1 sec.
The extracted sticking coefficient (∼1.3 × 10−7) will then lead to
a conversion of methane of 0.33 and a deposition of one third of
a monolayer of carbon in 0.1 second neglecting blocking the active
sites by carbon. These figures and the challenges in establishing a
transient of methane with a raise time of less than 0.1 second il-
lustrate the difficulties in measuring the sticking coefficient of CH4
at the experiment conditions used by Iglesia and Wei. The data
indicate that the sticking coefficients of CH4 derived by methane
decomposition could easily be underestimated and it seems impos-
sible to measure larger sticking coefficients than those reported by
Iglesia and Wei. However, we do not think that the problems en-
countered in the measurements of the sticking of CH4 by methane
decomposition exist in the steam reforming rates measured in [11].
7. Conclusion
Firstly, we have been able to build up a complete picture of
the reactivity of pure metal catalysts for steam reforming using
recently identified scaling relationships. This has been combined
with thermodynamic and kinetic models to get a fundamental in-
sight into the steam reforming process. Experimental work has
verified the picture, thereby validating such an approach. The cal-
culations suggest that the rate is a function of two parameters, the
O and C adsorption energies, and a volcano is found giving the
trends in ranking. The volcano has a broad maximum and most
metals considered here and in previous experiments, including Wei
and Iglesia’s, are found to lie close to the maximum. Consider-
ing the relative small difference between different late transition
metal, both experiments and theoretical results agree with most of
the earlier works that the most active pure metals for the steam
reforming reaction are Ru and Rh, while Ni, Ir, Pt, and Pd are a
little less active. Neither the detailed ranking nor the absolute ac-
tivities agree with the recent work of Wei and Iglesia where it was
found that Pt is the most active steam reforming metal.
Theoretically we are able to probe a wide range of tempera-
tures and pressures and it is observed that at low temperatures
and for the noble metals the CO formation step is kinetically the
most important reaction step. However, as the temperature and re-
activity of the metal increase i.e. the metal becomes less noble, the
most kinetically relevant step switches from being CO formation
to dissociative methane adsorption. This offers an explanation for
the fact that different studies, carried out under different condi-
tions, find different rate determining steps. For example the work
of Wei and Iglesia was carried out between 873 K and 1073 K,
which would be the correct conditions to observe methane activa-
tion as the rate determining step.
As well as presenting the fundamental picture from the cor-
roboratory views of theory and experiment, we have also seen in
this paper how the theoretical scaling relationships can be used.
For simple hydrogenated species it has been shown that we can
screen through a range of transition metals to determine where
the optimal pure metal catalyst lies. Furthermore, by having the
adsorption energies of hydrogenated species as a function of only
two parameters (our C and O adsorption energies) we can rapidly
probe all of the available adsorption energies to see what prop-
erties the ideal catalyst should posses. This scheme provides new
insight into what direction to move in terms of surface reactivity
for designing new and better catalysts.
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Steam and CO2 reforming of methane over a Ru/ZrO2 catalyst
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1. Introduction
The conversion of hydrocarbons with steam is the preferred
way of producing synthesis gas. Synthesis gas is amixture of H2, CO
and CO2, which can be used for both chemical, fuel and power
production. CO2 may be used as a reactant to adjust the
composition of the synthesis gas. It is usually an advantage to
pre-reform the hydrocarbon feed into a mixture of primarily
methane, H2, CO2 and water in an adiabatic reactor. Traditionally,
nickel-based catalysts are used for methane steam reforming and
are used in the vast majority of industrial applications. Recently
natural gas in remote areas – also called stranded gas – is converted
to valuable liquid products like diesel and methanol in very large
Gas-to-Liquid (GTL) plants using autothermal reforming [1]. For
GTL applications it is interesting to develop other steam reforming
catalysts that are able to operate at low steam/carbon ratios, where
nickel catalysts form carbon whiskers. These carbon whiskers will
eventually destroy the catalysts [2]. One solution to this problem is
to use noblemetals. Noblemetal catalysts such as Ru, Rh, Ir, Pt, and
Pd are more resistant to the formation of carbon whiskers [3], and
these catalysts may be used for production of synthesis gas at very
low steam/carbon ratios. Previous studies showed that Ru is
among the most active metals for catalyzing the methane steam
reforming reaction [3,4]. Other noble metals such as Rh, Pt, Pd, and
Ir also show good methane steam reforming activity although
different relative reactivities were observed [4,5]. The kinetics of
the steam and CO2 reforming reactions over a Ru/ZrO2 catalyst are
the main topics of this article.
The kinetics of methane steam reforming was studied
intensively over a long period and most studies were conducted
for nickel-based catalysts. A range of kinetic expressions for
methane steam reforming over nickel were proposed including
Langmuir–Hinshelwood, power laws, and expressions based on
micro kinetic analysis [1,4]. Generally, the dissociative methane
adsorption reaction is thought to be the rate determining step for
nickel-based catalysts at most conditions [1,6].
For supported ruthenium catalysts, specific studies of the
kinetics formethane steam reforming aremore limited [3,7–11]. In
a thorough study by Wei and Iglesia [7], they found the following
rate expression for methane conversion over ruthenium:
R ¼ kðTÞPCH4 (1)
In this expression the rate ofmethane conversion is proportional to
the methane partial pressure. This methane dependency is
explained by dissociative adsorption of methane as the rate
limiting step, and kinetic isotope experiments were used to
support this conclusion. The rate expression (Eq. (1)) was derived
from experiments in the temperature range, 550–700 8C, using
total pressures of 1–5 bar. No dependency of steam or CO2 was
observed, hence the rates of steam and CO2 reforming were equal.
In contrast to that study, observations by Rostrup-Nielsen and
Hansen [3] show that there is a significant difference between
steam and CO2 reforming at 550 8C, where the lower activity for
CO2 reforming is speculated to be caused by CO adsorption on the
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surface. The partial pressure of CO is significantly higher during
CO2 reforming reaction conditions than during steam reforming.
Studies by Berman et al. of methane steam reforming over
ruthenium at different temperatures (450, 500 and 700 8C) show a
significant variation of the reaction order of methane [9]. At low
temperatures (450/500 8C), the reaction order of methane was
found to be significantly below 1, while at higher temperatures
(700 8C) the reaction rate was proportional to the methane partial
pressure. The high temperature observations are in line with the
observations by Wei and Iglesia.
DFT calculations of steam reforming over transition metals
show that the rates of dissociative methane adsorption and the
direct CO formation reaction are of the same order of magnitude at
low temperatures [4]. The rate of methane dissociation was found
to be rate limiting at high temperature for the most active metals.
The model proceeds via methane decomposition to carbon atoms
at the active surface.We assumed that CO are formed from C and O
atoms even though reaction pathways such as CO formation via
CHO and CHOH intermediates [12–14] could have significantly
lower barriers for CO formation at some conditions. Especially for
higher coverages of adsorbed species, CO formation could proceed
via CHxO species [12].
Various forms of support effects were also observed. The
Berman et al. study found a negative reaction order in water at
high temperatures, and the authors speculated that adsorption of
water takes place on an Al2O3/MnOx support [9]. Based on studies
of CO2 reforming over a Ru/La2O3 catalyst, Carrara et al. [10]
proposed a kinetic model where CO2 interacts with the La support.
A temperature decrease from 590 to 510 8C induced a lower
dependency of the partial pressure of methane and higher
dependency of the CO2 partial pressure. This is explained by the
slow reaction of CO2 bound to the La support and carbon from the
methane dissociation at the Ru surface. Other studies [4,7] have
shown no influence of support on the reactivity, although these
studies do not include La oxide.
Studies of CO2 reforming by Ferreira-Aparicio et al. [11] also
indicate that Al2O3 support significantly influences the coverages
of surface species. According to these authors OH radicals are
formed on the support by reduction of CO2. These OH radicals are
proposed to diffuse back to the ruthenium surface enhancing the
oxidation of carbonaceous species.
This short overview of the limited studies of methane steam
reforming over Ru-based catalysts shows that the kinetics might
not be as simple as indicated by Eq. (1). This simple dependency of
methane may account for the kinetics at higher temperatures, i.e.
above 600–700 8C depending on gas pressures. The study reported
here is focused on experiments in the temperature range 425–
575 8C and 1.3 bar absolute pressure. Methane dissociative
adsorption is an important kinetic step in the reaction. DFT
calculations indicate that the direct CO formation step might be
rate limiting at low temperature [4]. However, kinetically it can be
shown that if the direct CO formation step is significant, there will
be a large negative effect of increasing the H2 partial pressures on
the overall reactivity, which is not found in our kinetic measure-
ments. In the following, kinetic expressions with methane
dissociation as the rate determining step and either one or two
adsorbates are used to model the experimental data.
2. Experimental
A 1 wt% Ru catalyst was prepared for use in the kinetic
measurements with incipient wetness impregnation of a ZrO2
(15 m2/g, 95% tetragonal/5% monocline) support with an aqueous
solution of Ru(NO)(NO3). The sample was dried at 80 8C in ambient
air and subsequently reduced at 600 8C in H2 for 4 h. To achieve a
stable catalyst, the samples were aged at 750 8C for 336 h in a H2O/
H2 (ratio 1) gas mixture at 31 bar total pressure. The activity
measurements were performed in a 8.5 mm inner diameter plug
flow reactor tube, with catalysts in a size fraction of 125–300 mm.
In total 1.00 g of catalyst and inert material (MgAl2O4) were used
during the experiments, with the catalyst amount accounting for
25–30 mg. The total bed height was 15 mm. The catalyst amount
was chosen to obtain conversions of <15% apart from the highest
temperatures (550 8C). In fact all the experiments were carried
out far from equilibrium as the approach to equilibrium for steam
and CO2 reforming was bSR < 9.6  10
ÿ3 and bCO2 reforming<1:4
10ÿ3 under all conditions.b is the approach to equilibrium, andbSR
and bCO2 reforming are given by Eqs. (2) and (3):
bSR ¼
PCOP
3
H2
PCH4PH2O

1
K p;SR
(2)
bCO2 reforming ¼
P2COP
2
H2
PCH4PCO2

1
K p;CO2 reforming
(3)
Here Pj is the partial pressures of species j while Kp,SR and
K p;CO2 reforming are equilibrium constants based on partial pressures.
Inlet gases of CH4, CO2, N2 and H2 were premixed with steam
before entering the catalyst bed. The total inlet gas flow was
12.1 Nl/h, and the reactor was operating at 425–575 8C. The dried
outlet gas was analyzed by gas chromatography (GC) with three
measurements at each set of conditions. A thermocouple was
placed in the center of the bed, measuring the catalyst tempera-
ture. To control the reactor temperature a thermometerwas placed
on the outer wall, giving a reference temperature for the heat
balance calculations.
The experimental procedure commenced with re-reduction of
the sample at 350 8C in H2 at 1 bar for 1 h. Then the catalyst
temperature was increased to 825 8C to ensure that the catalyst
was stable during the kinetic measurements. The individual gas
flows were altered while keeping a constant inlet flow (12.1 Nl/h),
and the effects of changing the flows of the CH4, H2O and H2 gases
were investigated at 500 8C. Furthermore, the rates of steam and
CO2 reforming were measured in the temperature range 425–
575 8C with constant gas flows. As a check of the stability of the
catalyst, standard activity measurements were made between
each series of variations of inlet flows and/or temperatures. A
standard activity measurement corresponds to the following
conditions at the entrance of the catalyst bed: 16.7% CH4, 16.7%
N2, and 66.6% H2O at 500 8C and 1.3 bar. The standard activity
measurements showed that the catalyst deactivation was small
during the experiments. During a measurement period of 14 days,
the total deactivation of the catalyst as calculated by Eq. (1)
amounted to 16%, which was compensated for by a linear
correction of the rates followed by calculations of the conversions
using Eq. (1).
Transmission electron microscopy (TEM) was used to deter-
mine the particle size distribution for the Ru/ZrO2 catalyst.
According to previous reports it is necessary to study the catalyst
in situ to image small Ru particles [4]. Measurements were
performed at 60,000 and 200,000magnification using a Philips
CM300 FEG electron microscope equipped with an environmental
cell. The sample was crushed and dispersed on a Mo TEM grid and
measured ex situ at vacuum conditions and subsequently exposed
to 1.5 mbar H2 at 500 8C for about 1 h to re-reduce the catalyst
before the in situmeasurementswas initiated. The diameters of the
Ru particles were obtained from the TEM and ETEM images by
measuring the projected particle area of the 2D images and
calculating the diameter assuming spherical particles. From this
particle size distribution, the number average particle size and the
surface average particle size were determined [1].
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The resulting surface average particle size was compared to the
results from H2 and sulfur chemisorption measurements. Volu-
metric H2 chemisorption, used to determine the active surface area
of the catalyst, was initiated by drying the sample at 120 8C in He
and followed by re-reduction at 400 8C in H2 for 2 h. After cooling
to 40 8C, a H2 chemisorption isotherm was measured between 2.5
and 112 kPa. The isothermwas extrapolated to zero H2 pressure to
calculate the uptake of chemisorbed H2. Generally, it is assumed
that one H atom chemisorbs on each ruthenium surface atom.
Sulfur chemisorption measurements can also be used to estimate
the average particle size. After sulfidation of the sample, the sulfur
uptake can be determined by high temperature oxidation and
infrared measurements of the released SO2. It is possible to
correlate the amount of adsorbed sulfur to a specific surface
area [4].
3. Experimental results
The focus of the experimental work was to obtain good kinetic
data for the Ru/ZrO2 catalyst, which may be used for optimization
of a kinetic model. The corresponding experimental results from
catalyst characterization and activity measurements are thus
presented below.
3.1. Characterization
The Ru/ZrO2 catalyst was characterized using TEMand reducing
ETEM conditions. The particle size distributions (PSD) for the Ru/
ZrO2 catalyst are presented in Fig. 1. The data obtained at ex situ
conditions show a broad distribution of particle sizes and an
average particle diameter of 4.9 nm. The equivalent particle size
distribution obtained at reducing conditions is much sharper and
has an average particle diameter of 3.5 nm. There is a significant
difference between the particle size distributions for the same
sample obtained under different conditions.
The reason for this difference in the PSDs is almost certainly due
to surface oxidation of rutheniumparticles. The rutheniumparticle
on the ZrO2 support in Fig. 2 (left) has a 1 nm edge of amorphous
material at ex situ conditions. The amorphous material is assumed
to be ruthenium oxide, and the inner core of the particle is seen to
be crystalline. In the ex situ measurements the particle size
includes the oxide surface, which yields further complications
during size estimation. A similar size particle at reducing
conditions of 500 8C and 1.5 mbar H2, Fig. 2 (right) does not have
the amorphous layer and the particle appear faceted. The
resolution is lower due to the presence of a relative high gas
pressure in the in situ cell. Based on these images and the PSDs, we
suggest that the smallest rutheniumparticleswill form amorphous
ruthenium oxide at ambient conditions, making them difficult to
be identified in the TEM images. Hence at ex situ conditions
nanoparticles smaller than 2–3 nm will not be distinguishable
from the support. Therefore the PSD obtained using 60k ETEM
images will be used in the following, and the average diameter and
dispersion were determined to be 3.5 nm and 20%, respectively.
The Ru/ZrO2 catalyst was also characterized by H2 chemisorption
and sulfur chemisorption, and the dispersions were determined to
be 32% and 23%, respectively.
3.2. Activity measurements
In the following the focus will be a detailed investigation of
steam and CO2 reforming over the Ru/ZrO2 catalyst. A series of
Fig. 1. Particle size distributions (PSD) for the Ru/ZrO2 catalyst obtained from ex situ
measurements (white) and from in situ measurements at reducing conditions, i.e.
500 8C and 1.5 mbar H2 (black). Average particle sizes are 4.9 and 3.5 nm,
respectively. The PSDs were based on 223 (ex situ/white) and 1042 (in situ/black)
measured particles, respectively.
Fig. 2. 22  22 nm TEM images obtained with 200kmagnification. At ex situ conditions of Ru/ZrO2 a 1 nm layer of RuO2 is observed at the edge of the Ru particle (left). At in
situ ETEM conditions of 1.5 mbar H2 and 500 8C a faceted Ru particle is observed (right).
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experiments were performed to elucidate the influence of the CH4,
H2O and H2 partial pressures, and the temperature on the rate of
methane steam reforming and methane CO2 reforming.
The dependencies of CH4 and H2O are given in Fig. 3. First of all
the reaction rate appears to be first order in methane as the
conversion is almost independent of P(CH4)in. The conversion
decreases slightly for increasing inlet partial pressures of methane,
but this may be caused by an indirect effect as one or several
reaction intermediates or products may cover part of the active
surface. In Fig. 3 (right) the reaction rate is seen to be nearly
independent of the inlet partial pressure of water. The methane
conversion decreases by 28% as the inlet partial pressure of H2
increases from 0.04 to 0.2 bar as seen in Fig. 4 (left). As also
observed in previous studies [3], the methane conversion and
hence the reaction rates are significantly higher for steam
reforming than for CO2 reforming at otherwise similar conditions
– see Fig. 4 (right). This effect may be caused by reaction
intermediates or products covering a relatively larger part of the
ruthenium surface during CO2 reforming than during steam
reforming. Before discussing the kinetics of steam and CO2
reforming further, the water gas shift reaction will be considered.
During similar studies of ruthenium catalysts used for steam and
CO2 reforming, it was found that the water gas shift reaction is
close to equilibrium [7]. In this context the approach to
equilibrium for the water gas shift reaction is defined as follows:
bWGS ¼
PCO2PH2
PCOPH2O

1
K p;WGS
(4)
In the present work the approach to equilibrium was evaluated at
the outlet of the catalyst bed. The approach to equilibrium for the
water gas shift reaction may be calculated from the experimental
data. However, bWGS is uncertain primarily due to the low CO
content. Nevertheless, we conclude that the vast majority (84%) of
the bWGS values were within a range of bWGS 2 [0.60; 1.40]. The
results obtained by model fitting will therefore rely on the
assumption that the water gas shift reaction is in thermodynamic
equilibrium at all conditions in agreement with [7].
4. Modeling
Modeling of the experimental data will be described in the
following. To be able to quantify the observed effects measured, it
is necessary to model the data. To include possible transport
effects, the reactor has been modeled as a one-dimensional, non-
isothermal plug flow reactor [15]. Steam reforming kinetics for the
Ru/ZrO2 catalyst was modeled using an Arrhenius type expression,
where adsorbate effects have been taken into consideration.
4.1. Reactor modeling
A one-dimensional reactor model was chosen as the radial
temperature, and concentration gradients in the reactor were
small because low conversions were generally attained, i.e. the
conversions were <15% apart from the highest temperatures
(550 8C). For the few experiments at higher temperatures,
conversions of up to 30% were measured. The steam reforming
Fig. 3.Methane conversions at 500 8C for the Ru/ZrO2 catalyst as a function of P(CH4)in (left), and as a function of P(H2O)in (right). The total inlet flow rate was vT,in = 12.1 Nl/h.
Total pressure P = 1.3 bar, N2 balance.
Fig. 4.Methane conversions at 500 8C for the Ru/ZrO2 catalyst as a function of P(H2)in (left), temperature variations for steam reforming and CO2 reforming (right). The total
inlet flow rate was vT,in = 12.1 Nl/h. Total pressure P = 1.3 bar, N2 balance.
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reaction and the water gas shift reaction were considered:
CH4ðgÞ þH2OðgÞÐCOðgÞ þ 3H2ðgÞ (5)
COðgÞ þH2OðgÞÐCO2ðgÞ þH2ðgÞ (6)
The two degrees of conversion, X5 and X6, were defined as:
X5 ¼
Moles of CH4 converted in reactionð5Þ
Moles of CH4 in the feed stream
¼
FCH4 ;in ÿ FCH4
FCH4 ;in
(7)
X6 ¼
Moles of CO2 generated in reactionð6Þ
Moles of CH4 in the feed stream
¼
FCO2 ÿ FCO2 ;in
FCH4 ;in
(8)
A mole balance results in the following relation between the
reaction rates and the conversion:
R5 ¼ FCH4 ;in 
dX5
dW 0
(9)
R6 ¼ FCH4 ;in 
dX6
dW 0
(10)
Eqs. (9) and (10) give the overall reaction rates of the steam
reforming reaction (i.e. mole CH4 converted (g cat)
ÿ1 hÿ1) and the
water gas shift reaction (i.e. mole CO2 generated (g cat)
ÿ1 hÿ1),
respectively. Eq. (9) can be rewritten where the reaction rate is
given as a function of conversions and temperature:
dX5
dW 0
¼
R5ðX5;X6; TÞ
FCH4 ;in
(11)
W0 is the mass of catalyst from the inlet to a given position in the
reactor and FCH4 ;in is the molar flow rate of methane at the inlet to
the packed bed. Eq. (11) specifies how the conversion of methane
varies through the catalyst bed. As indicated, the overall reaction
rate of the steam reforming reaction will depend on X5, X6 and the
temperature T. Here X6 will be a function of X5 due to the
assumption that thewater gas shift reaction is fast enough to reach
equilibrium at all conditions:
X6 ¼ f ðX5Þ (12)
Since the overall reaction is strongly endothermic, there is a
significant heat loss during reaction. An energy balance is used to
obtain a differential equation that describes the temperature
variation through the catalyst bed1:
dT
dW 0
¼
U ða=ðrbed;bulk vbedÞÞðTwall;outer ÿ TÞ ÿ R5 DrH5 ÿ R6 DrH6
FT;inðC¯p;in þ yCH4 ;inX5DC p;5 þ yCH4 ;inX6DC p;6Þ
(13)
During themeasurements, heat is transported into the bed through
the tube wall, and U is the overall heat transfer coefficient from the
outer side of the reactor tube wall to the center of the bed. It
consists of three resistances towards heat transfer if the
temperature at the outer tube wall is known: one in the reactor
tubewall, one at the innerwall of the bed, and finally one in the bed
itself. U is found to be in the range 400–800 kcal/m2/h/K. A
connection between the reaction rates R5 and R6 exists, again due
to the assumed equilibrium of the water gas shift reaction.
Therefore, R6 can be evaluated based on X5, X6 and T so that the
above differential equation for the temperature variation can be
used:
R6 ¼ R5 
dX6
dX5
¼ f ðX5;X6; TÞ (14)
Thus Eqs. (11) and (13) are coupled differential equations, but they
can be solved numerically by also applying Eqs. (12) and (14).
Furthermore, to ensure an accurate simulation of the experiments,
it is necessary to correct the reaction rates in the reactor
calculations by a bulk effectiveness factor h because the rates
within the catalyst particles may be lower than the rate
corresponding to bulk conditions due to possible transport
limitations. The bulk effectiveness factor considers the potential
resistances between the bulk phase and the surface of a catalyst
particle as well as the resistances within the particle itself, such as
pore diffusion [16]. Hence the bulk effectiveness factor is both a
function of transport properties and reactivity:
h ¼ f ðtransport properties; reactivityÞ
Therefore h  1 when the steam reforming reaction limits the
overall rate while h 1 when transportation of reactants,
products, and/or energy limits the overall rate. This bulk
effectiveness factor for the steam reforming reaction was
calculated by collocation [17], and the reaction rate correspond-
ing to bulk conditions was corrected in every step down through
the reactor. The effectiveness factors satisfied the condition
h > 80% at all conditions, and for the vast majority h was >90%.
This indicates that onlyminor transport limitations existed at the
experimental conditions applied. Hence the kinetic studies in this
work were based on near-intrinsic activity measurements.
With the above one-dimensional reactor model it was possible
to perform integration over the catalyst mass for each of the
experiments, which were carried out in the laboratory. This
calculation was performed for all experiments, k = 1, 2, 3,. . .,
Nexp,total, where k is the experiment number, and Nexp,total is the
total number of experiments. This provided calculated methane
conversions, X5,out,calc,k, in the outlet of the reactor corresponding
to each experiment. These values were compared to the
corresponding measured conversions in the outlet of the reactor,
X5,out,meas,k, by the following sum of square:
SSQ ¼
XNexp;total
k¼1
ðX5;out;meas;k ÿ X5;out;calc;kÞ
2 (15)
In this way the entire dataset was simulated bymeans of the above
reactor model and a reaction rate expression R5 for the rate of
steam reforming over ruthenium. The issue of finding appropriate
reaction rate expressions is considered in the next section, and the
optimal parameters of these reaction rate expressions were all
determined by integration over the catalyst mass for each of the
experiments and by minimizing the above sum of square.
4.2. Micro kinetic modeling
In order to determine the possible reaction barriers for steam
reforming over ruthenium, it is necessary to evaluate how the
reaction proceeds at the atomic level. For this purpose the
following micro kinetic model with elementary reaction (ER)
steps is proposed in [4]:
CH4ðgÞ þ 2
Ð
kþ
1
kÿ
1
CH3 þH
 (ER1)
H2OðgÞ þ 2
Ð
kþ
2
kÿ
2
OH þH (ER2)
OHþÐ
kþ
3
kÿ
3
O þH (ER3)
CH3þ
Ð
kþ
4
kÿ
4
CH2 þH
 (ER4)
1 U, overall heat transfer coefficient; a, ratio between wall area and volume of
bed; rbed,bulk, bulk density of bed; vbed, mass fraction of catalyst in the bed; Ri,
reaction rate; DHi, reaction enthalpy of reaction i; FT,in, total molar flow rate at the
inlet; DCp,i, net change in the heat capacity for reaction i.
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CH2þ
Ð
kþ
5
kÿ
5
CH þH (ER5)
CHþÐ
kþ
6
kÿ
6
C þH (ER6)
C þ OÐ
kþ
7
kÿ
7
COþ (ER7)
HÐ
kþ
8
kÿ
8
1
2
H2ðgÞþ
 (ER8)
COÐ
kþ
9
kÿ
9
COðgÞþ (ER9)
Possible reaction barriers for steam reforming are also considered
in [4] by use of DFT calculations. These calculations indicate that
both dissociative adsorption of methane (ER1), and/or the direct
CO formation (ER7) may have significant influence on the overall
rate although the hypothesis that CO formation is the rate
determining step is not supported by the experimental data.
There would be an inhibition by H2 corresponding to P
ÿ3
H2
if CO
formation was rate determining which was not observed in this
experimental study. We therefore assume below that dissociative
adsorption of methane is rate determining at the conditions used
here. By using the above elementary reactions (ER1–ER9) and
considering the dissociative adsorption step of methane to be rate
determining while the remaining eight reactions are quasi-
equilibrated, we derive an expression for the overall reaction rate
of methane steam reforming over ruthenium:
Roverall ¼ k
þ
1 PCH4 ð1ÿ bSRÞ  u
2

¼ Aþ1  exp
ÿEa;1
RT
 
 PCH4  ð1ÿ bSRÞ  u
2
 (16)
Here u* is the fraction of the active surface that is free. u* accounts
for the fact that the various reaction species may be able to block
the active sites:
u ¼
1
1þ ðuCO=uÞ þ ðuH=uÞ þ ðuOH=uÞ þ ðuO=uÞ
þ ðuC=uÞ þ ðuCH=uÞ þ ðuCH2=uÞ þ ðuCH3=uÞ
(17)
The terms in Eq. (17) are given by:
uCO
u
¼
PCO
K9
(18)
uH
u
¼
P
1=2
H2
K8
(19)
uOH
u
¼
K2K8PH2O
P
1=2
H2
(20)
uO
u
¼
K2K3K
2
8PH2O
PH2
(21)
uC
u
¼
1
K2K3K7K
2
8K9

PCOPH2
PH2O
(22)
uCH
u
¼
1
K2K3K6K7K
3
8K9

PCOP
3=2
H2
PH2O
(23)
uCH2
u
¼
1
K2K3K5K6K7K
4
8K9

PCOP
2
H2
PH2O
(24)
uCH3
u
¼
1
K2K3K4K5K6K7K
5
8K9

PCOP
5=2
H2
PH2O
(25)
It can be shown that Eq. (16) is also valid for CO2 reforming when
the water gas shift reaction is assumed to be in equilibrium. Hence
it is with this assumption possible to calculate the rates of CO2
reforming. The fast WGS equilibrium gives the H2O needed for the
methane steam reforming reaction to proceed as modeled by Eq.
(16).When Eq. (16) is considered, it is clear that a new reaction rate
modelwill appear every time a new reaction specie or combination
of reaction species is considered in the denominator of u*.
5. Results of fitting reaction rate models
Based on the reactor and micro kinetic modeling already
described, ten different reaction rate models were tested against
the obtained experimental data. In total 62 experiments were used
in the model fitting (both steam and CO2 reforming experiments).
The difference between the rate models was the appearance of the
denominator of u*. The following species were tried out in the
denominator of u*: clean surface, CO, H, OH, O, C, CH, CH2, CH3, and
CO + H. Hence Eq. (16) was combined with Eqs. (18)–(25), either
using one equation or for the last model (CO + H) using both
coverages given by Eqs. (18) and (19). Effectively coverage effects
of the possible surface species were thus studied by modeling our
experimental results. In the following only the results based on the
reaction rate models of clean surface, CH, CH2, and CO + H in the
denominator of u* will be commented as the latter three models
provide the best agreement with the experimental data, and the
clean surface will be included as a reference for these models. In
Table 1 the pre-exponential factor Aþ1 , the activation energy Ea,1,
and the adsorption parameters are provided for the reaction rate
models of clean surface, CH, CH2, and CO + H in the denominator of
u*. The corresponding sum of square as given by Eq. (15) is also
shown for each fit. Moreover, the global predictions of the four
models are compared to the measured conversions for each of the
variations of partial pressures and temperature in Figs. 5 and 6.
The simple model with no reaction species able to block part of
the active sites has been proposed byWei and Iglesia to model the
kinetic data given by their experimental observations [7] at 550–
700 8C. However, Table 1 shows that the performance of this
model is poor for the data obtained in this study at 425–575 8C. The
residual of optimizing this model is much higher than for the
remainingmodels given in Table 1. This is also seen in Fig. 6where
the clean surface model predicts too low conversions for most of
the steam reforming experiments, while it predicts too high
conversions for the CO2 reforming experiments. The model
considering CH inhibition gives reasonable results, and the main
reason is the good capture of the reaction rate behavior during the
experiments with H2 addition. However, the model shows a strong
tendency to underestimate the conversions at low partial
pressures of water. The model considering CH2 inhibition also
captures the negative influence of H2 on the reaction rate quite
well. However, it underestimates the conversions even more than
the previous model at low partial pressures of water. Of all the
models the model considering CO and H species on the surface
provides the best fit to the overall dataset because this model
estimates the conversions at low partial pressures of water
correctly. Furthermore, thismodel provides a good agreementwith
themeasured conversions during both temperature variations, and
it also captures the negative influence of H2 addition with
reasonable accuracy.
It is interesting to consider the observations above in the light of
the recently reported DFT calculations in Ref. [4] of the most
important surface species involved in steam reforming. Here the
abilities of various reaction species to bind to ruthenium surfaces
during steam reforming were studied. In these DFT calculations, a
temperature of 500 8C, a conversion of 10%, and an absolute
pressure of 1 bar were used for the calculations of free energy.
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Furthermore, we assumed that the water gas shift reaction is
equilibrated, and thus these conditions correspondwell with those
employed in this study. The analysis showed that the surface
species CO, H, O, and/or OH may be present at the ruthenium
surfaces during steam reforming, whereas it is unlikely that C, CH,
CH2 and CH3 will have any significant coverage [4]. As explained
earlier themodels considering O and OH inhibitionwere also fitted
to the experimental data, but neither of them gave reasonable
results. On the other hand the model considering CO and H species
on the surface provides the best agreement with the experimental
data, and furthermore the calculations in [4] suggest that these
species may likely stick to ruthenium surfaces at the conditions
used here. Therefore these facts indicate that the model consider-
ing CO andH inhibition is valid duringmethane steam reforming at
low pressure. The final model with CO and H inhibition rightly
contains 6 parameters, whereas especially the two other models
(CH and CH2) only have 4 parameters. One should be critical when
adding parameters for modeling experimental data. However, we
still believe that it captures the right trends and makes a solid
theoretical basis at the actual reaction conditions.
6. Discussion
First, the dispersions were determined by TEM, H2 chemisorp-
tion, and sulfur chemisorption. The three methods give slightly
different dispersions, and an average of the dispersions was used
togetherwith the activity to obtain a good estimate of the turn over
frequency (TOF) for comparison with previous results. The average
dispersion is 25%, and the resulting TOF is 11.1 sÿ1 at 500 8C.When
comparing absolute rates of methane reforming, we found that our
TOF agrees within a 20% uncertainty with the data presented in a
previous investigation [4]. Therefore both the absolute activity and
subsequently sticking coefficient are more than an order of
magnitude larger than those observed in the study of Wei and
Iglesia [7].
Second, we will discuss the kinetics of methane steam
reforming. Studies have previously shown that methane dissocia-
tive adsorption is a rate limiting step at some conditions [4,7], and
this basic model is also consistent with the data obtained here.
Nevertheless, we show above that methane steam reforming at
500 8C cannot be modeled by a simple first order dependency of
Table 1
Results of fitting the overall rate model to the experimental kinetic data for the Ru/ZrO2 catalyst. In total 62 experiments were used in the model fitting. The pre-exponential
factor, activation energy and adsorption parameters are provided for the reaction rate models containing clean surface, CH, CH2, and CO+H in the denominator of u*. The
corresponding sum of squares as given by Eq. (15) is also shown.
Reaction species in
denominator of u*
Aþ1 (mol g
ÿ1hÿ1barÿ1) Ea,1 (kJ/mol) ADCH, ADCH2 or ADCO(bar
ÿ3/2,
barÿ2 or barÿ1)
QCH, QCH2 or QCO
(kJ/mol)
ADH (bar
ÿ1/2) QH (kJ/mol) SSQ (%
2)
Clean surface 1.38107 102.3 – – – – 247.58
CH 1.74108 118.0 6.0110ÿ12 ÿ213.2 – – 21.59
CH2 3.3510
8 122.0 6.9310ÿ10 ÿ195.5 – – 24.12
CO and H 4.39107 107.9 2.1910ÿ5 ÿ87.4 7.3110ÿ6 ÿ71.0 10.98
Fig. 5. Experimental conversions and global model data by four models; clean surface, CH, CH2 and CO + H in the
denominator of u*. Predictions ofmethane conversions at varyingmethane partial pressure (left), water partial pressure (middle) andH2 partial pressure (right). The total inlet
flow rate was vT,in = 12.1 Nl/h. Total pressure P = 1.3 bar, N2 balance. Tin = 500 8C.
Fig. 6. Prediction of methane conversions during steam reforming (left) and CO2 reforming (right). Experimental conversions and global model data by four models; clean
surface, CH, CH2 and CO + H as the denominator of u*. The total inlet flow rate was vT,in  12.1 Nl/h, P = 1.3 bar, N2 balance and with varying temperatures (425–575 8C).
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methane as observed at higher temperatures [7]. In this study we
observe a significant influence of the inlet partial pressure of H2.
Furthermore, the steam and CO2 reforming rates are not equal,
which makes it is necessary to include a term in the kinetics that
takes this observation into account. The difference between
methane steam and CO2 reforming activities were previously
described by Rostrup-Nielsen and Hansen [3] for a series of noble
metal catalysts and was attributed to higher partial pressures and
surface coverage of CO during CO2 reforming. The difference
between methane steam and CO2 reforming activities is also
ascribed to high CO coverages in the model developed here.
Furthermore, we observe that the difference between steam and
CO2 reforming activities is approximately the same as the
difference found in the previous study at 550 8C using a MgO
supported ruthenium catalyst [3], where the activity for steam
reforming was between 2 and 3 times higher than CO2 reforming.
Another explanation of the lower activity of CO2 reforming
compared to steam reforming could be that CO2 has a direct effect
on the reaction rate. However, the binding energy of CO2 to
ruthenium is so small that the coverage of CO2 at Ru will be
negligible [4]. A study of CO2 reforming over a Ru/La2O3 catalyst
showed that CO2 addition increases the methane conversion, and
this was ascribed to an interaction with the support [10]. With
regard to steam, we found no dependency of the steam content on
the rate of steam reforming at 500 8C, and this observation is also in
agreement with previous work [3,7].
The kinetic studies of steam reforming over ruthenium reported
in the literature and the work presented here point to methane
dissociative adsorption as the rate determining step. At high
temperature the active surface is free, but at lower temperatures
CO and hydrogen are present at the surface and reduces the activity
due to blockage of the active sites. Thus, there is a qualitative
agreement between the kinetic model reported here and the data
obtained by Rostrup-Nielsen and Hansen [3] along with the data
and model presented by Wei and Iglesia [7]. We also examined
whether there is a quantitative agreement between the present
models and that obtained in [7]. We find that the level of site
blockage in the steam and CO2 reforming experiments reported by
Wei and Iglesia [7] is in the order of 10% at 600 8C at the highest
conversion used using our model.
DFT calculations demonstrate the importance of reaction
conditions on the rate of steam reforming over ruthenium because
the most important barrier switches from being direct CO
formation to methane dissociation as the temperature is increased
[4]. Based on the DFT calculations at low temperatures (e.g.
T < 500 8C) one may expect the direct CO formation step to be rate
determining, while an intermediate regime may exist where there
is no single rate determining step.
The results show that the direct CO formation is not the rate
determining step. It is possible that the rate of CO formation is
higher than predicted by DFT in Ref. [4] as we assume that CO
formation proceeds via recombination of C and O. This is the most
likely reaction path at low coverages; however, at higher coverages
other reaction paths for CO formation at the surface of ruthenium
may be important. CHO species may be formed from CH2O or CH
and O, and this intermediate (CHO) could then dissociate into CO
and H. This mechanism was recently suggested to be the main
reaction path for methane steam reforming over nickel catalysts
[13], but the mechanismmay also be relevant for steam reforming
over ruthenium. The reaction barriers for the formation of CO by
this alternative route are expected to be minor than the
corresponding barrier for the direct CO formation step. At low
temperature the methane dissociative adsorption step would then
still be rate determining.
In the following CO adsorption at ruthenium will be discussed.
When CO is adsorbed on a ruthenium surface, it is predominantly
molecularly adsorbed [18]. Adsorption experiments using both
single crystals and nanoparticles show a large difference in
adsorption energies for low and high CO coverages. The initial CO
binding energy is about 150–175 kJ/mol but decrease to about
100 kJ/mol for higher CO coverages, see Table 2. A CO adsorption
energy of 87 kJ/mol is found using our model, which reasonably
agrees with the high coverage values of the CO adsorption energy
found in the literature. Theremay be two reasons for this. First, our
value most likely corresponds to the high coverage adsorption
energy of CO as QCO was mainly determined by the data at the
relative high coverages of CO during CO2 reforming. Second, even
though our binding energy of CO is in the low end of the range
reported in the literature, the temperature independent factor of
the CO adsorption constant is relatively high, 2.19  10ÿ5 barÿ1.
For example the temperature independent factor for CO adsorption
to nickel is about two orders of magnitude lower [19]. The low
temperature independent factor could be due to a compensation
effect between the pre-factor and the adsorption energy [20].
The adsorption energies of CO reported in Table 2 were mainly
derived using temperature programmed desorption (TPD). Few
studies of the energetics of CO adsorption at high temperatures, i.e.
of the order of 500 8C have been carried out, but Dulaurent et al.
[21] studied Ru/Al2O3 catalysts and CO adsorption in the
temperature range of 100–430 8C and at a constant background
pressure of 1000 Pa CO. The CO coverage was studied by FTIR
spectroscopy and significant coverages were obtained even at high
temperatures. By using their model at our conditions (both steam
and CO2 reforming at 500 8C), we obtain CO coverages of 10–40%,
which explain the observed differences in activity between steam
and CO2 reforming.
DFT calculations [22] suggest that at the gas and temperature
conditions used in our study, the surface will be partly covered
by hydrogen. So it is likely that the kinetics will also be
influenced by hydrogen as found in our study. As Table 3 shows
the H adsorption energy of 71 kJ/mol found here is higher than
the energy obtained in single crystal and nanoparticle studies.
Furthermore, the temperature independent factor for H atom
adsorption at nickel is estimated to be approximately two orders
of magnitude higher than obtained here [19]. These deviations
from the literature values are most likely due to a compensation
effect as the overall adsorption constant is well determined,
whereas the temperature independent factor and the activation
Table 2
Experimental CO adsorption/desorption energies (kJ/mol).
Ru surface QCO at low coverage (kJ/mol) QCO at high coverage (kJ/mol) Analytical method Ref.
Ru ð10 1¯ 0Þ ÿ145 TPD [28]
Ru (109) ÿ165 ÿ50 FTIR and TPD [29]
Ru ð10 1¯ 0Þ ÿ157 ÿ100 TPD [30]
Ru ð11 2¯ 0Þ ÿ103 TPD [31]
Ru/HOPGa ÿ113 TPD [18]
Ru/Al2O3 ÿ175 ÿ115 FTIR and adsorption model [21]
Ru/ZrO2 ÿ87 Kinetic model This work
a Highly ordered pyrolytic carbon.
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energy are highly correlated. At the experimental conditions our
model predicts hydrogen coverages in the range of 2–20%, with
the highest coverage when hydrogen was added at the inlet and
lowest during CO2 reforming.
The potential importance of the interaction between CO and H
should also be considered. Co-adsorption of CO andH at ruthenium
catalysts was studied in some detail [23–27], andwe observed that
for CO there is either no influence [26,27] or weaker CO bonding
[25] in the presence of hydrogen. Furthermore, the studies
reported in the literature do not agree on whether the CO–H
interaction is repulsive [26] or attractive [23]. It is likely that the
binding of H atoms is more affected than CO in this co-adsorption
situation [26,27]. Generally, it cannot be concluded with certainty
that there is any significant co-adsorption effect.
7. Conclusion
The activity of a Ru/ZrO2 catalyst was measured at varying
conditions, and subsequently the reactivity was modeled by
combining a reactor model and a kinetic model. At the conditions
and temperatures relevant for this study, the data obtained here
are consistentlymodeled usingmethane dissociative adsorption as
the rate limiting step. CO and H adsorb and partly cover the active
sites and thereby influence the overall activity. The kinetic
expression for methane steam reforming over the Ru/ZrO2 catalyst
is given by a Langmuir–Hinshelwood type expression:
R ¼
4:39107½mol g-1h-1bar-1expðÿ108 ½kJ=mol=RTÞPCH4ð1ÿbSRÞ
ð1þ 2:19 10ÿ5 ½barÿ1expð87 ½kJ=mol=RTÞ  PCO
þ7:31 10ÿ6 ½barÿ1=2expð71 ½kJ=mol=RTÞ  P1=2H2 Þ
2
The catalyst (Ru/ZrO2) is most likely representative for other
ruthenium catalysts since support effects are reported to be
negligible [7], except for La2O3 [10].
The Ru/ZrO2 catalyst was characterized using TEM and H2
chemisorption. A notable feature of the TEM analysis is that
ruthenium particles form a small amorphous ruthenium oxide
surface layer of about 1 nm thickness when exposed to air at room
temperature. Therefore ETEM has to be used for determining
particle size distributions of Ru catalysts, especially for Ru samples
with small Ru particles since small ruthenium particles will be
fully oxidized.
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Abstract: Methane steam reforming is the key reaction to produce of synthesis gas and hydrogen at 
the industrial scale. Here the kinetics of methane steam reforming over a rhodium-based catalyst is 
investigated in the temperature range 500-800°C and as a function of CH4, H2O and H2 partial 
pressures. The methane steam reforming reaction cannot be modeled without taking CO and H 
coverages into account. This is especially important at low temperatures and higher partial pressures 
of CO and H2. For methane CO2 reforming experiments, it is also necessary to consider the 
repulsive interaction of CO that lowers the absorption energy at high CO coverage. The CO-CO 
interaction is supported by comparison with fundamental surface science studies.  
 
 
 
 
Graphical abstract. Kinetic modeling and experimental results for the methane dependency in the 
methane steam reforming reaction on a Rh catalyst. 
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1. Introduction 
Steam reforming is the preferred process for production of hydrogen and synthesis gas today [1]. By 
combining steam and CO2 reforming, it is possible to vary the H2/CO ratio over a wide range and 
by adjusting to the right H2/CO ratio synthesis gas can be used as a precursor for the formation of 
various chemicals and fuels. The methane steam (Eq. 1) and CO2  (Eq. 2) reforming reactions 
investigated in this work are given below. 
 
( ) ( ) ( ) ( )4 2 23CH g H O g CO g H g+ +⇌     (1) 
( ) ( ) ( ) ( )4 2 22 2CH g CO g CO g H g+ +⇌      (2) 
 
Several papers deal with the kinetics of methane steam reforming over nickel catalysts [2,3]. The 
nickel-based catalysts are preferred due to the relative low price of nickel compared to other 
transition metals (Rh, Ru, Pt, Pd, Ir etc.) that also catalyze conversion of methane to synthesis gas. 
The majority of the authors find that the most active metals for methane steam reforming are Rh 
and Ru [4-8], whereas varying relative reactivities have been determined for Ni, Pt, Ir and Pd. We 
recently found these four transition metals to have quite similar activities [8]. It should be 
mentioned that Wei and Iglesia recently reported a different relative reactivity of the transition 
metals: Pt > Ir > Ni > Rh > Ru [9].  
Noble metals have a higher barrier for carbon formation during operation than nickel. Especially 
whisker carbon formation can at severe conditions be problematic for an effective performance of 
the catalyst and the catalyst may eventually break down [2,3]. Noble metals are much more 
expensive than nickel, but they also have an advantage due to the higher barrier towards carbon 
formation and in some cases industrial use of noble metals may be economically feasible [4].  
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Several different mechanisms for methane steam reforming kinetics over transition metals have 
been proposed, but the main part of the work was done for nickel-based catalysts.  
The work reported here focuses on the kinetics of a rhodium-based catalyst as a continuation of our 
previous studies for ruthenium-based catalysts [10]. The kinetics for methane CO2 reforming [11-
16] and methane steam reforming [4,17,18] on rhodium have been investigated with different 
results. Rostrup-Nielsen and Hansen reported that steam reforming is faster than CO2 reforming at 
550°C. The difference was ascribed to CO partly covering the active sites [4]. On the contrary, 
investigations of CO2 reforming by Bhat and Sachtler showed that the reaction is first order in the 
partial pressure of methane at 600°C and that there is no influence of the CO2 partial pressure [11].  
Investigations of steam and CO2 reforming at 550-700°C by Wei and Iglesia gave the same 
conclusions as Bhat and Sachtler – i.e. the reaction is first order in CH4 and no other species 
influence the reaction rate [18]. Múnera et al. [14] performed CO2 reforming at 550°C and found a 
positive reaction order of  CO2 and the follow rate equation; ( ) ( )
0.61 0.37
CH4 CO2r k P P=
 using a 
Rh/La2O3 catalyst. They suggested that La2O3 has a stronger adsorption of CO2, resulting in an 
increase in the rate at elevated CO2 partial pressure.  
Support effects for steam or CO2 reforming reactions have been debated. In recent investigations, 
we found metal particle size effects [8,18]. We obtained different particle sizes on different 
supports, and it seems most likely that the dominant effect on the reaction rate is the particle size 
and that the nature of the support is of minor importance [18].  
Our previous investigations on steam reforming kinetics over ruthenium-based catalysts showed 
that there is a strong adsorbance of CO and H at low temperature experimental conditions [10]. 
Based on the similarities in the observed kinetics and the nature of rhodium and ruthenium, the 
steam reforming kinetics for rhodium used here is based on the same kinetic and reactor models as 
previously described for ruthenium [10]. In other studies, the adsorbance of CO and H at low 
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temperature (400-600°C) also showed to be relevant for the methane steam reforming conditions 
present in our investigation [19]. It was also found that the water gas shift reaction is equilibrated 
for the reaction conditions for rhodium [19] as it was for ruthenium [10]. 
 
2. Experimental methods 
A 1% Rh/ZrO2 catalyst was prepared by incipient wetness impregnation with an aqueous solution of 
Rh(NO3)3 of a 15 m2/g ZrO2 (95% tetragonal / 5% monocline) support. The catalyst was calcined in 
air at 450°C for 4 hours and reduced in 1 bar hydrogen at 550°C. To obtain a stable catalyst, it was 
aged at 830°C for 228 h in a H2O/H2 mixture (H2O:H2 = 1:1) at 31 bar total pressure. Before 
exposure of the reduced catalyst to air, the catalyst was passivated at room temperature by exposure 
to a flow of 1% air for several hours.  
To circumvent transport restrictions during the kinetic measurements, the catalyst pellets were 
crushed to less than 45 µm and mixed 1:10 with inert ZrO2 support and pressed to tablets. The final 
catalyst particle size of the diluted particles was 125-300 µm. The catalyst was characterized as 
described elsewhere [8], and an average Rh particle diameter of 8.4 nm was determined by 
transmission electron microscopy corresponding to a metal dispersion of 10.6%. 
 
2.1 Measurements of H2O and CO2 reforming activities 
The type of measurements used in this study is described in more detail in [10] and will only be 
described briefly here. Six experimental series were performed with a total of 78 individual 
measurements. Catalytic activity was measured by placing a catalyst sample (25-500 mg diluted 
catalyst, 125-300 µm) in a stainless steel tube (8.5 mm inner diameter). The catalyst granules was 
further diluted with inert MgAl2O4 (125-300 µm) to a total catalyst bed weight of 1000 mg. The 
reactor was mounted with an internal thermo well with an outer diameter of 3.2 mm. A 
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thermocouple was placed inside the thermo well to measure the catalyst temperature. A 
pretreatment procedure was enabled for reduction and stabilization of the catalytic activity at a high 
temperature of 800°C. We observed that the catalyst continuously deactivates at medium 
temperatures of 500-600°C, if this pretreatment is not performed. As will be discussed later, the 
reduction and stabilization procedure resulted in different stable activities for the different 
experimental series. This was accounted for in the modeling of the experimental data.  
The flow rate in all measurements was kept constant at 200 Ncm3/min and the effect of CH4, H2O, 
H2 and CO2 partial pressures were investigated in a temperature range of 500-800°C. The reaction 
was studied at 1.3 bar total pressure with a mixture of CH4, H2O, H2 and CO2 as the inlet gases. 
After condensing the steam, the composition of the outlet gas was measured by an HP gas 
chromatograph. 
 
2.2 Reactor modeling 
The reactor can be described and modeled as a fixed bed plug flow reactor. The reactor model was 
discussed in more detail in a previous publication dealing with steam and CO2 reforming on Ru 
catalysts [10]. Briefly, mass and heat transport considerations were included in the model due to 
inter-particle diffusion and the strongly endothermic reaction. The reactor was modeled as a one-
dimensional, non-isothermal plug flow reactor. The bulk effectiveness factors (η) were calculated to 
be above 0.8 for 90% of the measurements; hence the intrinsic rate controls the majority of the 
measurements. For the remaining measurements, η is larger than 0.6.  
The model was optimized by a sum of squares (SSQ) of the outlet methane conversion in Eq. 3, 
where the calculated conversions, Xcalc, were compared to the corresponding measured conversions, 
Xmeas. 
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( )2
1
N
calc meas
k
SSQ X X
=
= −∑       (3) 
 
Where N is the total number of measurements and the model is optimized by the six variables in Eq. 
13 to describe the reaction rate. 
 
3. Kinetic modeling 
The expression for modeling of the reaction rate is given by Eq. 4, which can be derived from 
simple kinetic considerations from dissociative adsorption of methane as the rate limiting step [10]. 
 
4
2
1 *exp a CH
E
rate A P
RT
θ− = ⋅ ⋅ ⋅ 
 
     (4) 
 
Where θ* is the fraction of free active sites. Kinetics of steam reforming over rhodium was studied 
by Wei and Iglesia [18] who observed no influence of CO2, H2O, CO or H2 inlet partial pressures on 
the rate of reaction and further found that the only relevant kinetic step was found to be methane 
dissociative adsorption at a clean active surface, i.e. θ* = 1. The clean surface was most likely 
obtained due to high temperatures and low conversions. If other elementary steps are important, 
then it is necessary to propose a more complicated model. We previously showed that the CO 
formation step could be relevant at low temperatures [8]. If this elementary step is dominant, then 
we can calculate that the rate will depend on the partial pressure of H2 as 2
3
HP
−
 [8]. Such a 
dependency was not observed experimentally neither in this investigation nor in our recent study of 
the kinetics of ruthenium [10].  
Instead it is possible to include a blockage of the active sites to explain the experimental results in 
our present study. Our previous work showed on ruthenium-based catalysts showed that CO and 
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hydrogen atoms partly cover the surface at low temperatures and thereby reduce the methane steam 
reforming activity [10]. Maestri et al. [19] found a significant effect of CO and H coverage on Rh 
catalysts even for diluted systems (>95% N2, atmospheric conditions). The influence of CO on the 
activity was introduced by assuming that CO in the gas phase is in equilibrium with CO at the 
active sites as given by Eq. 5. 
  
( ) 1
1
* *k
k
CO g CO
+
−
+ ⇀↽       (5) 
 
The equilibrium for this reaction is found by Eq. 6 and written in Eq. 7.  
 
1 * 10CO CO CO
d k P k
dt
θ θ θ+ −= = −      (6) 
1
1 *
CO
CO
CO
kK
k P
θ
θ
+
−
= =       (7) 
Where KCO is the equilibrium constant for adsorption of CO molecules to the active sites, k1+ and 
k1- are the forward and reverse rate constants for Eq. 5, respectively. PCO is the partial pressure of 
CO, and θCO and θ* are the fractional of coverages of CO and free active sites, respectively. Similar 
equations are set up for hydrogen in Eq. 8-10, where we assume that an equilibrium between gas 
phase hydrogen molecules and adsorbed hydrogen atoms is established. 
( ) 2
2
*
2
1
2
k
Hk
H g θ
+
−
+ ⇀↽       (8) 
½
2 * 20H H H
d k P k
dt
θ θ θ+ −= = −       (9) 
2
2
½
2 *H
H
H
kK
k P
θ
θ
+
−
= =       (10) 
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Taking the presence of these two species on the Rh surface into account, the fraction of free sites 
can be calculated from the partial pressures of CO and H2. The number of free sites is given by Eq. 
11 and the equilibrium constants in Eq. 12. 
 
2
* ½
* *
1 1
11 CO H CO CO H HK P K P
θ θ θ
θ θ
= =
+ ++ +
     (11) 
exp xx x
HK A
RT
−∆ 
= ⋅  
 
      (12) 
The reaction kinetics of the steam reforming or CO2 reformation reactions can then be calculated 
using Eq. 4, where the number of free sites is found by combining Eq. 11 and 12. This overall rate 
is given by Eq. 13 corresponding to the equation obtained in our study of the kinetics of steam 
reforming over ruthenium-based catalysts [10]. 
 
( )
4
2
1
1
2
½
exp( ) 1
1 exp exp
CH
CO H
CO CO H H
EA p
RTrate
H HA p A p
RT RT
β−⋅ ⋅ ⋅ −
=
 −∆ −∆   
+ ⋅ + ⋅    
   
    (13) 
 
Ax is the prefactor for the CO and H equilibrium constants, and ∆Hx is the adsorption enthalpy. We 
assume that at the temperatures studied in this paper, the water gas shift reaction is in equilibrium at 
all conditions in accordance with the results obtained in this study and in previous studies of this 
reaction [19]. We observed that a pretreatment procedure at high temperatures was necessary to 
obtain stable catalytic activity. The catalyst partly deactivates during the pretreatment procedure 
and hence the activity is not the same for each set of experiments. The procedure ensured that the 
catalyst was stable (±15%) but at different activity levels. It is of course not ideal to have this 
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difference in absolute activity. However, a similar deactivation phenomenon has previously been 
observed for rhodium-based, catalytic partial oxidation (CPO) catalysts [20,21]. The authors 
proposed that defect Rh sites favor carbon deposition reactions which predominantly occur in the 
medium temperature regime of 500-700°C. High temperature treatment at 850°C for several hours 
reduces the problem, but they showed that an initial deactivation occurred even at this high 
temperature, and a continuous re-activation was observed for several hours. The authors proposed 
that steps and kinks play an important role for the phenomena and that the high temperature 
treatment reduces the number of surface defect sites, and thereby reduce the carbon deposition 
reactions [20,21].  
Our investigations support the observations of the deactivation phenomena found at the medium 
temperature range of 500-700°C. Neither our studies nor the studies by Beretta et al. [21] found that 
activity was reduced in a similar manner for each individual experiment. The differences between 
the absolute activities for the different set of experiments were included in the modeling procedure 
by using a factor multiplied to A1 in Eq. 13, when modeling the experimental data. These factors 
were determined by standard measurements before and after each experimental series.  
 
4. Results 
Modeling of the results is divided in two parts for steam reforming and CO2 reforming, 
respectively, to distinguish between the differences in the modeling of these types of experiments.  
 
4.1 Steam reforming 
In the following, we report on our findings for the kinetics of steam reforming of CH4 using a 1.0 
wt% Rh/ZrO2 catalyst (10.6% dispersion). All steam reforming data are modeled together. The 
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results obtained by modeling of the 62 steam reforming experimental measurements using Eq. 13 
are given in table 1 and Fig 1-4.  
 
Table 1. Results of fitting the overall rate model to the experimental data. In total 62 steam reforming measurements 
were fitted by the model. The prefactor, activation energy and adsorption parameters are provided by the reaction rate 
model. The corresponding sums of squares (SSQ) as given by Eq. 3 are also shown.  
Reaction species in 
denominator of θ* 
A1 
[mol/g/h/bar]
 
E1 
[kJ/mol] 
ACO 
[bar
-1
] 
∆HCO 
[kJ/mol] 
AH 
[bar
-½
] 
∆HH 
[kJ/mol] 
SSQ 
[%2] 
Clean surface 2.04·109 147.7 - - - - 2556 
CO and H 6.89·106 89.2 2.29·10-5 -126.6 1.99·10-5 -82.1 30.29 
 
 
   
Figure 1. (a) Comparison between the model and the measured overall apparent CH4 steam reforming rates. The 
observed reaction orders of methane are shown. The inlet pressure of H2O was 0.66 bar and N2 was used as the balance. 
(b) The average CO and H coverages based on the model are shown for low and high conversions at 500°C, 
respectively.  
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In table 1 we compare the results obtained using a simple first order dependency with no coverage 
dependence to those obtained by Eq. 13. As shown by the big difference in SSQ, a simple first order 
model is too simple to give a reasonable fit to the data. The data in Fig. 1 (a) also show that we 
cannot use the simple first order rate expression to explain the experimental results obtained here as 
the reaction order in methane partial pressure should in that case be one. The observed reaction 
order in methane increases with temperature and decreases with conversion. These observations are 
ascribed to indirect effects of changes in CO and H coverages. When comparing experiments at 
500°C for high (9-22%) and low (5-11%) conversions, the effect of higher CO and H2 partial 
pressures for higher conversions results in a lower observed reaction order in methane. This can 
also be seen by the CO and H coverages in Fig. 1 (b), where there are significantly more free sites 
for the low conversions than the high conversions. Similarly, orders increase with temperature in 
the observed reaction as the coverage of CO and H decreases with T. The observed reaction orders 
in methane are only phenomenological as the reaction is temperature and coverage dependent.   
 
 
Figure 2. Comparison between model results and experimental data. Overall apparent CH4 steam reforming rate plotted 
as a function of the partial pressure of steam with 0.17 bar CH4 and balance N2. 
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The effect of steam partial pressure on the reaction rate was rather small as shown in Fig. 2. There 
was a reasonable agreement between the modeled results and the experimental data. The effect of 
steam corresponded to previously observed results for rhodium steam reforming catalysts, where 
steam was found to have a minimal effect on the steam reforming rate [18,19]. 
 
 
Figure 3. Observed temperature dependency of the steam reforming rate plotted as a function of 1000/T. The gas 
composition consists of 0.8 bar H2O, 0.2 bar CH4 and balance N2. 
 
The temperature dependency on the rate is shown in Fig. 3. The results are obtained in the 
temperature range of 500-800°C with corresponding conversions between 3% (500°C) and 62% 
(800°C). The change in temperature, CO and H partial pressures give a slightly curved graph when 
plotting ln(rate) vs. 1/T. In a typical Arrhenius plot, the gradient can be converted to an observed 
activation energy. Here the observed activation energy can be estimated to vary between 91 kJ/mol 
(500°C) and 46 kJ/mol (800°C). These values are valid for the specific conditions used in this 
experimental set, but serve as a good indication of the difficulty in estimating the activation energy. 
Detailed modeling as shown here is critical to describe the change in the reaction rate with 
temperature. 
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Finally, the effect of H2 at low temperature was measured. Additional hydrogen was added at the 
reactor inlet to obtain higher H2 partial pressures through the reactor. As shown in Fig. 4 the model 
and the experimental data both show a clear negative effect of hydrogen on the methane steam 
reforming rate. This was ascribed to the adsorption term for hydrogen in Eq. 13.  
 
 
Figure 4. Comparison between model results and experimental data. Average CH4 steam reforming rate as a function of 
the inlet H2 partial pressure. (0.8 bar H2O, 0.17 bar CH4, balance N2)   
 
4.2 CO2 reforming 
We attempted to model the CO2 reforming data with the model obtained by fitting the steam 
reforming data, but the model gave too low activities. The most likely explanation is that the model 
fails to take the effects of surface coverage on the CO adsorption energy into consideration. One 
way to solve this apparent discrepancy was to adjust the CO adsorption energy and take the 
remaining values in the models from table 1. This procedure will be justified in the discussion 
section. The CO2 reforming data at 500°C and 600°C can be modeled well with an average CO 
adsorption energy that is 16.3 kJ/mol lower than that obtained from the steam reforming data with 
low CO levels. As shown in Fig. 5, the model gives a good description of the experimental data. 
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The average CO coverage is between 0.75 and 0.8, and minimal H coverages for all the CO2 
reforming experiments are obtained.  
 
Figure 5. Comparison between model results and experimental data. Average CO2 reforming rates as a function of inlet 
CO2 partial pressure. 0.2 bar CH4, N2 balance. The model is given by Eq. 13 and the data in table 1, except ∆HCO = -
110.3 kJ/mol. 
 
5. Discussion 
Several different kinetic models for steam and dry reforming over Rh based catalysts have been 
published. Both empirical overall kinetic models [19,22-24] and micro-kinetic models [18,25] have 
been reported in the literature. When applying detailed kinetic modeling, it is necessary to have a 
very detailed understanding of the surface sites on the catalyst. In this investigation the focus was 
on determining the main trends for the steam reforming reaction and relate that to the CO2 
reforming experiments. 
The first order in methane observed in other studies [18,19] is also valid for our experimental data 
when taking product inhibition into consideration. H2O and CO2 do not directly influence the 
reaction rate, although there may be an indirect influence through the production of CO and H2 via 
the shift reaction. The adsorbance of CO and H, which is used on our model to describe the steam 
reforming kinetics on rhodium, is similar to the adsorbents used in the kinetic model developed in a 
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paper by Maestri et al. [19]. They find that both CO and H2 influence the reaction rate. This is due 
to the adsorption of CO and H that both have a significant influence at low temperatures (<600°C). 
The influence of CO and H2 was reported to be neglectable by Wei and Iglesia [18] at 600°C. This 
is most likely due to the high temperature and possibly very low conversions used in their study. 
The inhibition effect of CO on rhodium-based steam reforming catalysts is also been noted 
elsewhere [4,25]. The adsorption energy estimated here was 126.3 kJ/mol for steam reforming at 
low CO coverage, in good agreement with other reports [26,27]. Studies of Rh catalysts at ambient 
conditions show that there is a significant CO coverage at temperatures of around 450°C [26]. 
Dulaurent et al. show both linear and bridged CO species at 450°C by in situ infrared spectroscopy 
when exposing a Rh catalyst to a 1%CO/He gas mixture at atmospheric pressure. The CO coverage 
was approximately 65% at these conditions. The model by Dulaurent et al. and the model obtained 
in this study approximately predict a 30% CO coverage at 500°C at typical experimental conditions 
used in the present investigation (0.18 bar CH4, 0.72 bar H2O, balance N2, total pressure 1.3 bar, 7% 
conversion)  
 
The CO adsorption energy shows to depend on the CO surface coverage [26,28]. The initial 
adsorption energy is determined to 165-175 kJ/mol [28] on a Rh/Al2O3 catalyst and 195 kJ/mol for 
another Rh/Al2O3 catalyst [26]. Higher coverages are also interesting to review due to a significant 
amount of CO in the gas phase in the experiments. In Fig. 6 the CO adsorption energy is shown as a 
function of CO coverage for rhodium [28]. For a Rh/Al2O3 catalyst, a plateau between θ = 0.05-0.6 
shows a constant adsorption energy (115-120 kJ/mol) and at higher coverages (θ = 0.6-0.9) this 
levels off to approximately 95 kJ/mol [28]. These numbers agree well with our observations at 
different plateaus and the relative difference in adsorption energy at low and high coverage of 
approximately 16 kJ/mol found in our modeling of the steam and CO2 reforming experiments.  
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Figure 6. The CO adsorption data for Rh/Al2O3 [28]. 
 
We found experimentally that there is a stronger adsorption of CO on Rh than on Ru. On Ru we 
found a CO adsorption energy of 87 kJ/mol, where the adsorption energy was largely controlled by 
CO2 reforming experiments with an average CO coverage of 0.4-0.5 [10]. It was not necessary to 
take the adsorption energy dependency of the CO coverage into consideration for the Ru kinetics, 
probably because the coverages of CO on Ru were below 0.5 during CO2 reforming and very low 
CO coverages in the steam reforming experiments. The adsorption energy of CO on Ru 
corresponded well with other high CO coverage adsorption energies for Ru [10].  
 
The stronger adsorption of CO on Rh than on Ru is also evident from temperature-programmed 
desorption (TPD) experiments at similar conditions. On single crystal closed packed surfaces, CO 
are adsorbed on Ru(0001) [30] and Rh(100) [31]. The experimental conditions are almost equal, 
making ground for a fair comparison. In Fig. 7 the CO TPD experiments with medium and high 
initial coverages are shown. The relative strength of CO adsorption on Ru and Rh is supported 
theoretically by adsorption and desorption calculations on closed packed surfaces at low coverages. 
These show that CO binds more strongly to Rh than to Ru [32].  
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Figure 7. CO TPD data for Ru(0001) [30] and Rh(100) [31]. CO is pre-adsorbed at temperatures below -143°C for both 
sets of experiments. Initial CO coverages of 0.25 and ~0.7 (0.68 for Ru and 0.72 for Rh) were used. β = 5 °C/s. 
 
Hydrogen adsorption also has an effect on the overall activity, but to a smaller extent than CO. This 
also limits the effect of the adsorption energy as a function of coverage. The adsorption energy of 
hydrogen have been reported to be up to 80 kJ/mol at low coverages and level out to approximately 
35-50 kJ/mol at a coverage of θ = 0.4-0.6 [28]. For H chemisorbed at the conditions present in these 
experiments, no experiments are reported. However, detailed DFT and kinetic modeling were 
carried out and it is estimated that there is a significant coverage of hydrogen on rhodium at 
atmospheric pressure of H2 at 500°C [33]. These models were confirmed by experimental TPD and 
metal-hydrogen binding energies [33]. 
The coadsorption of CO and hydrogen was included in the model, whereas any interaction was 
disregarded. Studies of coadsorption of CO and hydrogen on Rh(100) show that hydrogen is 
destabilised and that some of the hydrogen desorbs at a lower temperature [31]. When there are a 
low number of free sites, the surface will predominantly be covered by CO. Our model predicts that 
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the coverages for the two species, CO and H, are similar at steam reforming conditions as shown on 
Fig. 1(b), but that CO is dominating for CO2 reforming conditions.  
Different values of the activation energy for steam reforming were reported: we show that while the 
model had an activation energy of 89 kJ/mol, the observed activation energy was in the range of 46-
91 kJ/mol for our reaction conditions. Wei and Iglesia’s study found an activation energy of 109 
kJ/mol [18] for an assumed clean surface, which is not too far from what we found in this study. 
Maestri et al. included coverage effects in determining the activation energy and estimated an 
activation energy of 62 kJ/mol at θCO = 0.15 and θH = 0.2, which corresponds well with our 
observed values that also include a partly coverage of CO and H. 
  
6. Conclusions 
This investigation contributes to the understanding of the methane steam reforming kinetics for 
rhodium-based catalysts. The reaction was first order in methane, but was strongly influenced by 
CO and hydrogen adsorbing to the surface. This product inhibition was especially important at 
temperatures of 500-600°C and at high conversions. A good model for our steam reforming 
experiments is given by Eq. 14. The rates of CO2 reforming cannot be described by the equation 
below. This is ascribed to a coverage dependence of the CO adsorption energy reported in the 
literature. Instead, it was necessary to lower the energy of CO adsorption by 16 kJ to model our CO2 
reforming experiments. 
 
[ ] ( )
[ ] [ ]
4
2
6
2
5 1 5 1 2 1 2
89
6.89 10 exp 1
127 82
1 2.29 10 exp 1.99 10 exp
CH SR
CO H
kJ molemole P
g h bar RT
R
kJ mole kJ mole
bar P bar P
RT RT
β
− − − −
 − 
⋅ ⋅ ⋅ −  
⋅ ⋅   
=
    
   + ⋅ ⋅ + ⋅ ⋅        
    
 (14) 
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